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Abstract 
Virtually all metal ions-related industries produce wastewater that containing 
metal ions and will cause pollution to aquatic bodies. If no prompt removal is prior to 
the discharge of metal ions to the environment, different degrees of adverse effects will 
be resulted to different component in the environment. Although a wide variety of 
conventional physical and chemical processes were used to tackle this problem, 
shortages were still found among these methods. Therefore, new alternatives are often 
desired. 
Biosorption is one of the promising alternatives in removal of metal ions from 
electroplating effluent. In this study, three green algae collected from Hong Kong were 
chosen to screen for their biosorption ability towards Cu】+，Ni�+ and Zn]+. Among the 
three species screened, Ulva lactuca was chosen for further detailed studies. Under the 
optimal condition of the corresponding metal ions, the removal capacities (RCs) of Cu】+， 
Ni2+ and Zn�+ could reach 65.54, 21.00 and 49.54 mg/g respectively. 
The metal ions removal ability of Ulva lactuca was characterized based on a 
number of physico-chemical factors. The reduction in biomass weight in the metal ions 
solution enhanced the metal ions RCs but reduced the removal efficiencies (REs). The 
effect of pH was found to be important for biosorption of the selected metal ions by 
Ulva lactuca. Generally, the metal ions biosorption by Ulva lactuca was favoured in 
solution in medium acidic to slightly alkaline pH, depend on the metal ions concerned. 
The metal ions adsorption by Ulva lactuca was found to be in a rapid kinetics, metal 
ions RCs were dependent on the metal ions concentration. Study concerning adsorption 
1^ 1^ 
isotherms revealed that the biosorption of Cu and Zn by Ulva lactuca can be 
iii 
satisfactorily described by Langmuir adsorption isotherm, and slightly less satisfactorily 
described by Freundlich adsorption isotherm. On the contrary, the biosorption of Ni�+ 
cannot be described by either isotherm. The presence of additional cations and anions 
affected the metal ions biosorption by the seaweed biomass. The effect was dependent 
on the combination between the target metal ions and additional cations/anions and 
could be generally classified as negligible, enhanced or reduced. 
From application point of view, recovery of metal ions and regeneration of the 
biosorbent are important. In this study, it was found that sulphuric acid (H2SO4, O.lM, 
pH 1.0) was efficient to recover the adsorbed metal ions from Ulva lactuca. In the study 
of three successive adsorption-desorption cycles, reduction in metal ions RCs was found 
in the second and third cycles, though the metal ions recovery efficiencies (ReEs) was 
not affected. 
When Ulva lactuca was employed in a batch-mode, laboratory-scale treatment 
for electroplating effluent, a significant reduction in metal ions RCs was found when 
comparing with the control using artificial wastewater. The possible reason was due to 
the compact, heterogeneity of the electroplating effluent. In order words, the presence 
of high concentration of anions and other chemicals in the electroplating process could 





















爾吸附等溫線（Langmuir adsorption isotherm)；而它在費羅恩德利希吸附等溫 






要的。從本論文硏究所得，硫酸（O.lM, pH 1.0)能有效地從石雜中回收被吸的 
金屬離子。而在連續三次的吸附/脫吸循環中，金屬離子的吸附容量在第二及 
第三循環會被減低。然而，三次的吸附/脫吸循環中，金屬離子的回收效率 











List of Figures xi 
List of Tables xv 
1. Introduction i 
1.1 Reviews 1 
1.1.1 Heavy metals in the environment 1 
1.1.2 Heavy metal pollution in Hong Kong 3 
1.1.3 Electroplating industries in Hong Kong 7 
1.1.4 Chemistry, biochemistry and toxicity of selected metal ions: 8 
copper, nickel and zinc 
a. Copper 10 
b. Nickel 11 
c. Zinc 12 
1.1.5 Conventional physico-chemical methods of metal ions removal 13 
from industrial effluent 
a. Ion exchange 14 
b. Precipitation 14 
1.1.6 Alternative for metal ions removal from industrial effluent: 15 
biosorption 
a. Definition ofbiosorption 15 
b. Mechanisms involved in biosorption of metal ions 17 
c. Criteria for a good metal sorption process and advantages 19 
ofbiosorption for removal ofheavy metal ions 
d. Selection of potential biosorbent for metal ions removal 20 
vi 
1.1.7 Procedures of biosorption 23 
a. Basic study 23 
b. Pilot-scale study 25 
c. Examples of commercial biosorbent 27 
1.1.8 Seaweed as a potential biosorbent for heavy metal ions 27 
1.2 Objectives ofstudy 30 
2. Materials and Methods 33 
2.1 Collection of seaweed samples 33 
2.2 Processing of seaweed biomass 33 
2.3 Chemicals 33 
2.4 Characterization of seaweed biomass 39 
2.4.1 Moisture content of seaweed biomass 39 
2.4.2 Metal ions content of seaweed biomass 39 
2.5 Characterization of metal ions biosorption by seaweed 39 
2.5.1 Effect of biomass weight and selection of biomass 3 9 
2.5.2 Effect o fpH 40 
2.5.3 Effect of retention time 41 
2.5.4 Effect of metal ions concentration 41 
2.5.5 Effect of mix-cations and mix-anions on the removal capacity of 43 
selected metal ions by Ulva lactuca 
2.5.6 Recovery of adsorbed metal ions from Ulva lactuca (I): screening 44 
for suitable desorbing agents 
2.5.7 Recovery of adsorbed metal ions from Ulva lactuca (II): multiple 45 
adsorption-desorption cycles of selected metal ions 
2.5.8 Removal and recovery of selected metal ions from electroplating 45 
effluent by Ulva lactuca 
2.6 Statistical analysis of data 46 
vii 
3. Results 47 
3.1 Effect of biomass weight and selection of biomass 47 
3.1.1 Effect ofbiomass weight 47 
3.1.2 Selection of biomass 5 8 
3.2 Effect of pH 8^ 
3.2.1 Cu2+ 58 
3.2.2 Ni2+ 61 
3.2.3 Zn2+ 61 
3.2.4 Determination of optimal condition for biosorption of Cu�+, Ni�+ 67 
and Zn2+ by Ulva lactuca 
3.3 Effect of retention time 67 
3.4 Effect of metal ions concentration 73 
3.4.1 Relationship of removal capacity with initial concentration of 73 
metal ions 
3.4.2 Langmuir adsorption isotherm 73 
3.4.3 Freundlich adsorption isotherm 77 
3.5 Effect of mix-cations and mix-anions on the removal 81 
capacity of selected metal ions by Ulva lactuca 
3.5.1 Effect of mix-cations 81 
3.5.2 Effect of mix-anions 8 5 
3.6 Recovery of adsorbed metal ions from Ulva lactuca (I): 91 
screening of suitable desorbing agents 
3.6.1 Cu2+ 91 
3.6.2 Ni2+ 91 
3.6.3 Zn2+ 91 
3.7 Recovery of adsorbed metal ions from Ulva lactuca (II): 94 
multiple adsorption-desorption cycles of selected metal 
ions 
viii 
3.8 Removal and recovery of selected metal ions from 97 
electroplating effluent by Ulva lactuca 
4. Discussion iG6 
4.1 Effect of biomass weight and selection of biomass 106 
4.1.1 Effect of biomass weight 106 
4.1.2 Selection of biomass 107 
4.2 Effect of pH 109 
4.3 Effect of retention time 112 
4.4 Effect of metal ions concentration 114 
4.4.1 Relationship of removal capacity with initial concentration of 114 
metal ions 
4.4.2 Langmuir adsorption isotherm 114 
4.4.3 Freundlich adsorption isotherm 115 
4.4.4 Insights from isotherm study 117 
4.5 Effect of mix-cations and mix-anions on the removal H8 
capacity of selected metal ions by Ulva lactuca 
4 • 5.1 Effect of mix-cations 118 
4.5.2 Effect of mix-anions 120 
4.6 Recovery of adsorbed metal ions from Ulva lactuca (I): 122 
screening of suitable desorbing agents 
4.7 Recovery of adsorbed metal ions from Ulva lactuca (II): 124 
multiple adsorption-desorption cycles of selected metal 
ions 
4.8 Removal and recovery of selected metaI ions from 126 
electroplating effluent by Ulva lactuca 
5. Conclusion i3i 
ix 
6. Summary 1抖 
7. References i34 
8. Appendixes 144 
i> 
XV 
List of Figures 
Figure no. Title of Figure Page 
Figure 1-1. Flowchart illustrates the essential steps involved in an 9 
electroplating process 
Figure 2-1. Collection sites of seaweed samples in Hong Kong. 35 
Figure 2-2, Seaweeds for metal ions adsorption. 36 
Figure 2-3. Reference seaweed for metal ions adsorption: Sargassum 37 
siliquastrum. 
Figure 2-4. Powdered seaweed biomass. 38 
Figure 3-1. The removal capacity of Cu�+, Ni�+ and Zn�+ by different amount 50 
of Ulva sp. 1. 
Figure 3-2. The removal capacity of Cu!+，Ni�+ and Zn�+ by different amount 51 
of Ulva lactuca. 
Figure 3-3. The removal capacity of Cu!+，Ni!+ and Zv?^ by different amount 52 
of Ulva sp. 3. 
Figure 3-4. The removal capacity of Cu】+，Ni�+ and Zn�+ by different amount 53 
of Sargassum siliquastrum 
Figure 3-5. The removal efficiency of Cu?+，Ni�+ and Zn�+ by different 54 
amount of Ulva sp. 1. 
xi 
Figure 3-6. The removal efficiency of Cu^^, Ni�+ and Zn�+ by different 55 
amount of Ulva lactuca. 
Figure 3-7. The removal efficiency of Cu?+，Ni�+ and Zn�+ by different 56 
amount of Ulva sp. 3. 
Figure 3-8. The removal efficiency of Cu!+，Ni�+ and Zn�+ by different 57 
amount of Sargassum siliquastrum, 
1^ 
Figure 3-9. The removal capacity of Cu by different amount of Ulva lactuca 62 
at different equilibrium pH without consideration of precipitation. 
^ 1 
Figure 3-10. The removal capacity of Cu by different amount of Ulva lactuca 64 
at different equilibrium pH with consideration of precipitation. 
，L 
Figure 3-11. The removal capacity o fNi by different amount of Ulva lactuca 65 
at different equilibrium pH. 
Figure 3-12. The removal capacity of Zn�+ by different amount of Ulva lactuca 68 
at different equilibrium pH without consideration of precipitation. 
Figure 3-13. The removal capacity of Zn�+ by different amount of Ulva lactuca 70 
at different equilibrium pH with consideration of precipitation. 
Figure 3-14. The kinetics of removal efficiency of Cu!+，Ni]+ and Zn�+ by Ulva 72 
lactuca. 
Figure 3-15. The relationship of removal capacity and initial concentration on 74 
biosorption of Cu^+, Ni^ + and Zn^^ by Ulva lactuca. 
2+ • 2+ 
Figure 3-16. Langmuir adsorption isotherm (mass basis) of Cu，Ni and 75 
9+ 
Zn by Ulva lactuca. 
xii 
2 1 2 1 2十 
Figure 3-17. Langmuir adsorption isotherm (mass basis) of Cu，Ni and Zn 76 
by Ulva lactuca. 
2+ 2+ 
Figure 3-18. Freundlich adsorption isotherm (mass basis) of Cu，Ni and 79 
Zn2+ by Ulva lactuca. 
Figure 3-19. Freundlich adsorption isotherm (molar basis) of Cu】+，Ni!+ and 80 
Zn2+ by Ulva lactuca. 
Figure 3-20. The effects of individual and combination of cations on removal 82 
1^ 
capacity of Cu by Ulva lactuca. 
Figure 3-21. The effects of individual and combination of cations on removal 83 
capacity ofNi�+ by Ulva lactuca. 
I ‘ 
Figure 3-22. The effects of individual and combination of cations on removal 84 
capacity of Zn!+ ^^ jjlva lactuca. 
Figure 3-23. The effects of individual and combination of anions on removal 87 
1^ 
capacity of Cu by Ulva lactuca. 
Figure 3-24. The effects of individual and combination of anions on removal 88 
1^ 
capacity o fNi by Ulva lactuca. 
Figure 3-25. The effects of individual and combination of cations on removal 89 
capacity of Zn�+ by Ulva lactuca. ‘ 
1^ 
Figure 3-26. The recovery efficiency of Cu by different desorbing agents. 92 
Figure 3-27. The recovery efficiency ofNi�+ by different desorbing agents 93 
Figure 3-28. The recovery efficiency of Zn^^ by different desorbing agents. 95 
xiii 
Figure 3-29. Comparison of removal capacity and recovery capacity of Cu�+ 99 
by Ulva lactuca at different adsorption-desorption cycles. 
Figure 3-30. Comparison of removal capacity and recovery capacity ofNi�+ by 100 
Ulva lactuca at different adsorption-desorption cycles. 
Figure 3-31. Comparison of removal capacity and recovery capacity of Zn!+ jQl 
by Ulva lactuca at different adsorption-desorption cycles. 
Figure 3-32. Comparison of recovery efficiency of Cu]+，Ni:+ and Zn�+ by 102 
Ulva lactuca at different adsorption-desorption cycles. 
^1 1^ 1^ 
Figure 3-33. Comparison of removal capacity of C u，N i and Zn in 104 
artificial wastewater and industrial wastewater by Ulva lactuca. 
:, 
Figure 3-34. Comparison of recovery capacity of Cu�+，Ni�+ and Zn�+ in 105 
artificial wastewater and industrial wastewater by Ulva lactuca. 
xiv 
List of Tables 
/ 
Table no. Title of Table Page 
Table 1-1. Content of metals, cyanide and pH in electroplating effluent 4 
discharged from 16 local electroplating factories. 
Table 1-2. Standards for effluent discharged into foul sewers leading into 6 
government sewage treatment plants. 
Table 1-3. Summary of performance characteristics of conventional physico- 16 
chemical technologies for heavy metal ions removal/recovery 
technologies. 
Table 1-4. Comparison of metal biosorption and bioaccumulation 18 
characteristics. 
Table 1-5. Comparison of the cost between raw materials of biosorbent and 21 
conventional adsorbent. 
Table 1-6. Examples ofbiosorbent for heavy metal ions removal. 22 
Table 1-7. The parameters involves in the basic study in development of 26 
biosorbent for metal ions biosorption and their significance. 
Table 1-8. Examples of seaweed biomass as biosorbent for metal ion. 29 
Table 3-1. The removal capacity of Cu�+, Ni]+ and Zn�+ by different amount 48 
of Ulva sp. 1，Ulva lactuca, Ulva sp. 3 and Sargassum 
siliquastrum. 
XV 
Table 3-2. The removal efficiency of Cu�+，Ni^^ and Zn:+ by different 49 
amount of Ulva sp. 1，Ulva lactuca, Ulva sp. 3 and Sargassum 
siliquastrum. 
Table 3-3. Summary of maximum metal ions removal capacity of four 59 
selected seaweed species. 
Table 3-4. Summary of maximum metal ions removal efficiency of four 60 
selected seaweed species. 
Table 3-5. Summary of removal capacity of Cu^^ by different amount of 63 
Ulva lactuca at different initial pH. 
Table 3-6. Summary of removal capacity of Ni�+ by different amount of 65 
Ulva lactuca at different initial pH. 
Table 3-7. Summary of removal capacity of Zn�+ by different amount of 69 
Ulva lactuca at different initial pH. 
Table 3-8. Comparison of optimal and sub-optimal condition on the removal 71 
capacity of Cu]+，Ni�+ and Zn�+ by Ulva lactuca. 
Table 3-9. Summary of Langmuir and Freundlich isotherm for adsorption of 76 
Cu2+，Ni2+ and Zn�+ by Ulva lactuca 
1^ 
Table 3-10. Summary of mix-cations effect on the removal capacity of C u， 86 
Ni2+ and Zn]+ by Ulva lactuca. 
xvi 
Table 3-11. Summary of mix-anions effect on the removal capacity of Cu】+， 90 
Ni 2+ and Zn:+ by Ulva lactuca. 
: 1^ 
Table 3-12. Comparison of the best desorbing agents for desorption of C u， 96 
Ni2+ and Zn�+ after biosorption by Ulva lactuca. 
Table 3-13. Characteristics of electroplating effluent collected from fmal 103 
collecting tank in a local electroplating factory. 
Table 8-1. Characteristics of the three Ulva species. 144 
Table 8-2. Metal ions content of seaweed biomass. 145 




1; 1.1 Heavy metals in the environment 
Different definitions had been employed to describe ‘heavy metals'. The most 
common definition is based on the density of elements. It was suggested that metals 
with density larger than 4.5 g/cm are heavy metals (Bunke et al., 1999). Suggestion also 
included that by taking elements having a specific gravity greater than four or an atomic 
number greater than iron (i.e. 26) should be defined in this category (Madgwick, 1994). 
Another generalization is that all metals in the Periodic Table except those in Groups I 
and II should be viewed as heavy metals (Volesky, 1990a) while other authors gave a 
comprehensive definition which take into account of all first and second row, third rows 
transition metals, semi metals, heavy alkali, alkaline earth metals, inner transition 
elements plus other metals such as zinc and mercury as heavy metals (Mann, 1990). 
Heavy metals could be classified according to a hardness scale defined by their 
binding strength with F' and 1" (Pearson, 1969). The metallic ions forms strong binding 
with F' are called hard ions while the opposition are termed as soft ions. Heavy metals 
are often found among the soft ions (Remacle, 1990). In biological system, hard ions 
I 
form stable bonds with ligands like OH_, HPO4^", CO3 '^, R-COO"and =C=0, i.e. species 
with oxygen atoms. On the contrary, soft ions tend to form very strong bonds with 
ligands like CN', R-S', -SH" and N H � � i . e . groups containing nitrogen and sulphur atoms. 
Base on these phenomena, Nieboer and Richardson (1980) classified metal ions into 
three classes: oxygen-seeking, nitrogen- and sulphur-seeking and a borderline class. 
Heavy metals play a significant role on Earth, although their relative abundance 
in the earth crust are small (Volesky, 1990a). Some heavy metals are essential to life, 
1 
which they often play roles in catalytic, enzymatic, nutritional and physiological 
processes. Deficiency of these heavy metals causes different degree of impairment to 
different life forms. But what make heavy metals being concerned over years is their 
toxic effects. Even though for essential metals, excess amount would cause toxicity 
effects or even death. It was reported that some essential trace metals are toxic when the 
concentration levels exceed those required for correct nutritional response by factors 
ranged from 40- and 200-folds (Venugopal and Luckey, 1975). 
The introduction of heavy metals into the environment is often contributed by 
two major events, natural geochemical processes and anthropogenic processes. The later 
one mainly includes human industrial and economical activities such as mining, milling, 
surface finishing industries, galvanizing industries, electroplating industries and etc. 
Since the introductions of heavy metals in the environment are not desirable, these 
circumstances are termed as pollution. The biosphere that would be affected and the 
degree of effect are dependent on the type and practice of the concerned activities. 
Apart from their potential toxic effects to different life forms, metal pollution is 
not desired since once the metallic species are introduced, they tend to persist 
indefinitely and circulate in the environment (Volesky and Holan, 1995). When metals 
were absorbed into body tissue, they cannot be excreted easily (Aderhold et al., 1996). 
Some studies even suggested heavy metals could be accumulated / biomagnified 
throughout the food chain (Volesky and Holan, 1995; Aderhold et aL, 1996; Atkinson et 
al,, 1998; Williams et al., 1998), although this is somehow argumentative and over-
generalized since both positive and negative evidences were found upon this matter. For 
example, study of Minamata Disease, which is a neurologic illness and human fatalities 
among fishermen in Japan during the early 1950s, revealed that mercury is able to be 
2 
accumulated through the food chain by consumption of mercury-contaminated fish and 
shellfish (Goldwater, 1971). On the contrary, nickel was regarded as unable to be 
accumulated and there is little evidence for the biomagnificaiton of nickel in the food 
chain (Barceloux, 1999b). However, no matter what the situation is, heavy metal 
pollution is still undesirable and need to be well controlled. 
1.1.2 Heavy metal pollution in Hong Kong 
According to the Environmental Protection Department (1994) of Hong Kong, 
toxic metals and metallic compounds contributed to 11% of total chemical waste 
(120,000 tonnes) generated in Hong Kong in the year of 1991/1992. The major 
contributing activity was electroplating industries. A study was performed to determine 
the chemical characteristics of effluent generated in 16 local electroplating industries 
(Table 1-1) (Chiu et al., 1987). The effluent was of pH range from extreme acid to 
slightly alkaline and contained toxic substances such as heavy metal ions and cyanide. 
Review of some studies on the state of metal pollution in Hong Kong's coastal 
water by measuring metal levels in water column, sediments and organisms were 
performed (Blackmore, 1998). The most seriously polluted areas in Hong Kong are the 
urban areas like Victoria Harbour, Tolo Harbour, Deep Bay and Northwestern waters as 
reflected from the studies of sediment. For example the sediments from Victoria 
Harbour were found to have high concentrations of Cd, Cr, Hg, Pb and Zn by the 
Environmental Protection Department (EPD). There is no consistent pattern of 
reduction in any metal during the period of 1987-1995, although some areas specific 
3 
Table 1-1. Content of metals, cyanide and pH in electroplating effluent discharged 
from 16 local electroplating factories (Chiu et al., 1987). 
Parameters Range 
Chromium (Cr) 1-40 mg/L 
Copper (Cu) l-30mg/L 
Nickel _ 3-365mg/L 
Zinc (Zn) 4-250 mg/L 
Aluminum (Al) 10-230 mg/L 
Silver (Ag) 2-3 mg/L 
Cyanide (CN') 1-6 mg/L 
pH 1.7-8.2 
4 
reduction was found, e.g. Cu in Victoria Harbour. Measurement of metal levels in 
different trophic levels of organisms, e.g. algae, crustacean, and mollusacs also reflected 
that Hong Kong was suffered from heavy metal pollution. This situation was suggested 
to be contributed by the dense population, heavy industrialization, the lack of stringent 
controls on the release of agricultural and industrial effluents in the past and asymmetry 
of anthropogenic supply (Blackmore, 1998) 
In order to relieve the metal pollution, the Hong Kong Government deployed a 
number of measures, mainly legislation. The first step in controlling heavy metals 
pollution came in the late 1980s with the enactment of the Water Pollution Control 
Ordinance (WPCO) which controls the discharge into local waters (Environmental 
Protection Department, 1998). Based on the associated Technical Memorandum, a 
standard was set out for discharging effluent into foul sewers, storm drains inland and 
coastal waters (Industry Department, 1995). All factories operate in gazetted Water 
Control Zones (WCZs) must apply for a license from the EPD prior to the discharge of 
effluent. The discharge standards (Table 1-2) depend on the rate of effluent flow and the 
nature of the receiving water. In order to meet the discharge standard, industries should 
treat the waste on their own prior to the discharge or send the waste to the Chemical 
Waste Treatment Centre on Tsing Yi Island, which started operation in 1993, for proper 
treatment. Offenders of the Ordinance are subject to a fine of HK$400,000 and one year 
of imprisonment. 
Upon the enactment of WPCO, the discharge of heavy metal in the effluent was 
reducing. For example, heavy metal loading at the Shatin Sewage Treatment Works was 
dropped from 150 kg/day in 1989 to 50 kg/day in 1995 (Environmental Protection 
Department, 1998). And the level of discharge into the Victoria Harbour 
5 
Table 1-2. Standards for effluent discharged into foul sewers leading into 
government sewage treatment plants (Industry Department, 1995). 
Flow rate (m^/day) 
Determinant 
< 10 > 10and<100 
^ ^ ^ 
Temperature (�C) 43 43 
Suspended solids 1200 1000 
Settleable solids 100 100 
BOD 1200 1000 
COD 3000 2500 
Oil and grease 100 100 
Iron 30 25 
Boron 8 7 
Barium 8 7 
Mercury 0.2 0.15 
Cadmium 0.2 0.15 
Copper 4,1.5 ' 4, 1' 
Nickel 4 3 
Chromium 2 2 
Zinc 5 5 
Silver 4 3 
Other toxic metals 2.5 2.2 
(individually) 
Total toxic metals 10 10 
Cyanide 2 2 
Phenols 1 1 
Sulphide 10 10 
Sulphate 1000 1000 
Total nitrogen 200 200 
Total phosphorus 50 50 
Surfactants (total) ^ ^ 
a. Standards for copper in effluents discharged into foul sewers leading into Government sewage 
treatment plants with microbial treatment. 
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were expected to be reduced from more than 7500 kg/day to 500-700 kg/day by the year 
of2000. 
1.1.3 Electroplating industries in Hong Kong 
Electroplating is the production of a thin surface coating of one metal on other by 
electro-deposition (Cherry, 1982). It is performed mainly for three reasons: to retard or 
prevent corrosion of the base metal; to obtain a decorative or desired surface; and to 
repair worn out machine components to obtain the desired machine dimensions (Industry 
Department, 1995). 
According to the statistics in 1999 (Census and Statistics Department, 1999), 
there were 196 establishments involved in electroplating industries, with 1,288 
employees. The figures were found to be much smaller than that in statistics of 1990 
(Census and Statistics Department, 1990), which found there were 613 electroplating 
factories with 6,070 employees. The reduction in figures probably due to the 
resettlement of factories from Hong Kong to mainland China or termination of operation 
of factories. 
An overview of electroplating industry in Hong Kong was documented by the 
Industry Department (1995). It was reported that factories of electroplating in Hong 
Kong are predominantly small-scale operations, i.e. with less than 20 employees. Many 
of these industries are located in the Victoria Harbour WCZ with the majority do not 
have wastewater treatments systems installed. 
Most of the electroplating industries in Hong Kong are opearted in flatted 
factories with wet-floor process operations. The main metal plated is nickel, and to a 
lesser extent copper, brass/bronze, zinc, gold, silver and chromium. Apart from heavy 
7 
metal ions, the solution involved in electroplating process often consists of acids, alkalis 
and toxic substances and the chemical composition is often different due to the 
variations in bath formulations. A typical electroplating sequence often comprises of 
three phases: pre-treatment, electroplating/metal finishing and post-treatment (Figure 1-
1). 
The electroplating process is a significant source of heavy metal pollution. In 
fact, this industry contributed to 20% of total industrial chemical waste in the year of 
1991/92 (Environmental Protection Department, 1994). This situation is mainly due to 
the use of large quantities of toxic and concentrated chemicals, the manual nature of 
most operations and the lack of control over quantity of these chemicals discharged into 
the wastewater. Among all the steps involved in electroplating process, rinse water 
contributes to 97% of the total effluent generated according to certain case studies 
(Industry Department, 1995). In order to alleviate the situation, cleaner production 
options were suggested which include the use of alternative materials, modification of 
process, improvement of operating practices and the recovery/reuse of waste. 
1.1.4 Chemistry, biochemistry and toxicity of selected metals ions: copper, nickel and 
zinc 
This section will give a brief review on the chemistry, biochemistry and toxicity 
of copper, nickel and zinc. These metals are chosen since they are commonly found in 
the effluent of local electroplating industries, the industries contributed to the majority of 
metal contaminant. Since different chemical forms and valence may contribute to 
variation in toxicity of the metal/metal ions, the discussions reviewed here are case 
specific and do not imply a generalization of the concerned metal/metal ions. 
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Figure 1-1. Flowchart illustrates the essential steps involved in an electroplating 
process (Industry Department, 1995). 
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a. Copper 
Copper is the 29^ ^ element in the Periodic Table with atomic mass equal to 63.55. 
The common oxidation states for copper include Cu�(metal) , Cu+ (cuprous ion) and 
Cu2+ (cupric ion). Cu (III) occur but in a lesser extent since it is a strong oxidizing 
agent, i.e. would be reduced to the lower oxidation state readily. On the contrary, cupric 
ion is the most commonly occurring species that readily forms free hydrated ion in 
water. It prevails in the environment and is the most toxic form to living organisms 
(Flemming and Trevors, 1989). The concentration of copper in aqueous solutions 
depends on factors such as pH, presence of competing cations, levels of compounds that 
complex organic and inorganic copper. 
The industrial importance of copper results from its useful physical properties, 
such as appearance, alloying ability, low corrosion and high thermal and electrical 
conductivity. It is widely used in different industries, such as dye manufacturing, 
petroleum refining and metal finishing (e.g. electroplating and alloy industries). Copper 
can also be used in agriculture as fungicides, algaecides and nutritional supplements in 
the form of sulphate salts (Barceloux, 1999a). 
Copper is an essential element to various organisms. It functions as a cofactor 
for cytochrome c oxidase; as part of plastocyanin in the photosynthetic apparatus of 
plants and algae; as part of the oxygen-carrying hemocyanin of arthropod and gastropod 
blood; as a cofactor for numerous enzymes; as part of smaller peptide and nonpeptide 
factors that involved in regulatory processes (e.g. cell proliferation and angiogenesis) 
and in some aspects of body defense (Linder, 1991). It is also suggested that copper is 
an essential trace element that catalyzes processes in heme synthesis and iron absorption 
(Barceloux, 1999a). Manifestations of copper deficiency include cardiac dysfunction, 
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increased low-density-lipoprotein and decreased high-density-lipoprotein, cholesterol, 
decreased methionine and etc. (Sanstead, 1995). 
Although the essential need in different physiological processes, excessive intake 
of copper causes adverse effects. For example, acute copper poisoning causes erosion of 
the epithelial lining of the gastrointestinal tract, acute tubular necrosis in the kidney and 
etc. (Dash, 1989). The estimated lethal dose of copper in an untreated adult is about 10-
20 g. Copper or copper compound is not listed as suspected human or animal 
carcinogens according to the United States' International Agency for Research on 
Cancer and the US Toxicology Program (Barceloux, 1999a). 
b. Nickel 
The atomic number of nickel is 28 while the atomic weight is 58.69. The 
oxidation states of nickel range from - 1 to +4. Divalent nickel ion O^i�+) is the 
predominate form of nickel in aquatic environment, but other forms may be present 
depending on the pH and the occurrence of organic and inorganic ligands (Barceloux, 
199%) 
Nickel possesses relatively high thermal and electrical conductivity. It is used in 
different aspects, for example, the production of stainless steel, nickel alloys and nickel 
cast iron. Its compounds are widely used in electroplating, electroforming, production 
ofbatteries, making of electronic equipment and etc. 
Nickel is an essential element for several animal species fNielsen and Sandstead, 
1974; Uthus and Seaborn, 1996). It is involved in lipid metabolism, particularly the 
regulation of lipid content in tissues and synthesis of phospholipids (Stangl and 
Kirchgessner, 1996). It was also found that the rate of development in lambs 
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supplemented with five ppm nickel were faster than those without the supply when they 
were fed with low protein food (Spears et al., 1979). However, deficiency disease for 
nickel in human has not been identified (Barceloux, 1999b). 
Nickel can damage a wide range of tissues, for example, kidney, liver and lung 
tissue in animal body when present in high level (Hausinger, 1993). Occupational 
asthma was also reported for those suffer from chronic inhalation of nickel sulphate. 
Carcinogenicity of nickel is also highly concerned. Divalent nickel compounds bind 
sulfhydryl, azo and amino groups on a variety of macromolecules, including nucleic 
acids and proteins and eventually lead to tumor induction. The United States' 
International Agency for Research on Cancer listed nickel and nickel compounds as 
group I carcinogens which means the evidence for cancer was sufficient for both in 
humans and animals (Barceloux, 1999b). 
c. Zinc 
Zinc is the 30^ ^ element in the Periodic Table with atomic mass equal to 65.39. 
n 1^ 
The oxidation states of zinc include Zn and Zn . It occurs primarily in the divalent 
state. The relative mobility of zinc in both soil and water depends on factors such as 
salinity, pH , the presence of humic acid and the solubility of the compound. Generally, 
relatively more zinc dissolves into the water phase when pH decreases (Barceloux, 
1999c). 
Metallic zinc is commonly used as a protective coating for other metals. It can 
also improves the structural durability of iron and steel alloys. The compounds of zinc 
can be used in different aspects, for example, wood preservative, deodorant, disinfectant 
and rodenticide. (Chandra, 1984). 
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Zinc is a co-factor for over 200 biologically important enzymes (e.g. alcohol 
dehydrogenase and carbonic anhydrase) (Barceloux, 1999c). It is also important in many 
cell processes including DNA synthesis, normal growth, brain development, behavioral 
response, reproduction, fetal development membrane stability, bone formation and 
wound healing. Its deficiency produces growth retardation, delayed sexual maturation 
and iron-deficiency anemia and other syndrome in human being (Prasad, 1991; Halsted 
etal., 1972). 
Excessive zinc intake interferes with copper absorption, reduce serum 
concentrations of high-density lipoprotein cholesterol. Zinc compounds can produce 
irritation and corrosion of the gastrointestinal tract. Acute tubular necrosis and 
interstitial nephritis would also occur. Zinc chloride is extremely soluble and possesses 
high toxicity and corrosive properties. Neither the United States' International Agency 
for Research on Cancer nor the US National Toxicology Program list zinc and its 
compounds as suspected carcinogens (Bacerloux, 1999c). 
1.1.5 Conventional physico-chemical methods of metal ions removal from industrial 
effluent 
In order to avoid the potential adverse effects contributed by the direct discharge 
of metal ions containing effluent into the environment, a number of physico-chemical 
methods have been employed to tackle such problem. These conventional methods are 
collectively known as physico-chemical methods since the separation of metal ions from 
the effluent is achieved either by physical forces or by chemical reaction. Ion exchange 
and precipitation are the most common methods that are being used. 
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a. Ion exchange 
In this method, metal ion containing solution is usually passed through reactors 
containing ion exchange resins. The resins are immobile solid particles with charged 
ions (e.g. H+ and Na+，in the case of cation exchange resins) attached on the surface. 
Once passing through the resins, the metal ions will exchange with the pre-loaded 
cations and attach on the resin surface, thus the effluent would be free of metal ion. The 
resins can be regenerated with acidic solution and the eluted metal ion can also be 
recovered for use by suitable methods. 
b. Precipitation 
Metal ions can be removed by addition of chemicals like calcium hydroxide and 
sodium hydroxide into the metal ions containing effluent to precipitate them out in the 
form of insoluble metal hydroxides. They can also be precipitated out as metal sulphides 
by addition of sodium sulphide, sodium hydrosulphide or ferrous sulphide. The 
insoluble metal hydroxides or sulphides can then be settled out and collected as sludge 
and the effluent should be metal ion free. The sludge is then either disposed in 
designated area, e.g. landfills, or regenerated by suitable methods. 
Apart from ion exchange and precipitation, there are also other physico-chemical 
methods for tackling of metal ions containing effluent in different industrial processes. 
For example, adsorption by activated carbon, evaporation, solvent extraction, chemical 
oxidation and reduction, filtration and also membrane processes (Sag and Kustal，1995; 
Aksu et al., 1998; Williams et aL, 1998; Matheickal et al., 1999; Puranik and Paknikar, 
1999). 
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Although being widely used, these methods exhibit some common problems as 
suggested by different studies. Generally, these problems include the low removal 
efficiency when the metal ions concentration is low; high capital and operational costs; 
production of secondary wastes and also high chemical and energy requirement (Sag 
and Kustal, 1995; Matheickal and Yu, 1996; Aksu et al., 1998; Kratochvil and Volesky, 
1998; Williams etal., 1998). 
Specific problems also occur among these conventional processes. For example, 
in ion exchange processes, the resins are usually not resistant to thermal and osmotic 
shock and would be subjected to oxidation by chemicals. They are also subjected to 
chemical degradation and organic fouling. The metal ion removal capacity of resins 
could also be affected by the present of calcium or magnesium ions. For precipitation, a 
large amount of chemicals are needed, also excessive amount of metal ion containing 
sludge will be generated, which would cause pressure for disposal facilities (Kuyucak, 
1990). A summary of performance characteristics of metal ion removal/recovery 
technologies was tabulated as in Table 1-3 (Eccles, 1995). In order to improve the metal 
ions removal from industrial effluent, development of new alternative methods is often 
desirable. 
1.1.6 Alternative for metal ions removal from industrial effluent: biosorption 
a. Definition ofbiosorption 
Biosorption is one of the possible alternatives for cleaning up the metal ions 
containing effluent. The definition of biosorption of heavy metal ions varied slightly 
among different authors. Veglio and Beolchini (1997) account both metabolic-
dependent and metabolic-independent uptakes of metal ions by biological matters as 
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Table 1-3. Summary of performance characteristics of conventional physico-
chemical technologies for heavy metal ions removal/recovery 
technologies (Eccles, 1995). 
Performance characteristics 
pH change Metal Influence of Tolerance of Working 
Technology selectivity suspended organic level for 
solids molecules appropriate 
metal 
(mg/L) 
Adsorption Limited Moderate Fouled Can be <10 




Electrochemical Tolerant Moderate Can be Can be >10 
engineered to accommodated 
tolerate 
Ion exchange Limited Chelate Fouled Can be <100 
tolerance resins can be poisoned 
selective 
Membrane Limited Moderate Fouled Intolerant >10 
technologies tolerance 
Precipitation 
a) hydroxide Tolerant Non- Tolerant Tolerant >10 
selective 




Solvent Some Metal Fouled Intolerant >100 




biosorption. On the contrary, Volesky (1990) considered the metabolic-dependent 
activity for metal ion uptake by living cells as bioaccumulation while biosorption 
implied the metabolic independent processes of metal ions uptake by living or non-
living cells. Eccles (1995) had compared between biosorption and bioaccumulation 
(Table 1-4). 
In order to avoid confusion, biosorption will be defined as a removal process of 
metal ions from aqueous bodies through passive sorption and/or complexation by living 
organisms or their derivatives, i.e. dead biomass (Volesky, 1990a; Muraleedharan et al., 
1991; Kratochvil and Volesky, 1998). From hereafter, the discussion on biosorption will 
only consider the metabolic-independent processes by living organisms or their 
derivatives. 
b. Mechanisms involved in biosorption of metal ions 
Biosorption of heavy metal ions involves physical and chemical reactions 
between positively charged dissolved species (i.e. metal ions) and negatively charged 
reactive cellular components (Tobin et al., 1990; Fourest and Roux, 1992). A number of 
mechanisms are involved in biosorption of metal ions, which might include one or 
combination of the followings: physical adsorption, electrostatic attraction, 
complexationA:helation, ion exchange and inorganic microprecipitiation (Volesky, 
1990b; Veglio and Beolchini, 1997; Delgado et al., 1998; Figueira et al, 2000). 
There are usually two phases of metal ions uptake during the biosorption 
processes, the fast and the slow phases. It was suggested that once the metal ions have 
diffused to the cell surface, they will bind to sites on the cell surface which exhibit 
affinity for the metal ions by the mechanisms mentioned above. Generally, this phase is 
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Table 1-4. Comparison of metal biosorption and bioaccumulation characteristics 
(Eccles, 1995). 
Feature Biosorption Bioaccumluation 
Metal affmity High under favourable Toxicity will affect metal 
conditions uptake by living cells, but in 
some instances high metal 
accumulation 
Rate of metal uptake Usually rapid, a few seconds Usually slower than 
for outer cell wall biosorption 
accumulation 
Selectivity Variety of ligands involved, Better than biosorption, but 
hence poor less than some chemical 
technologies 
Temperature Within a modest range Inhibited by low temperatures 
Versatility Metal uptake may be affected Requires an energy source 
by anions or other molecules 
Dependent on plasma 
Extent of metal uptake usually membrane ATPase activity 
pH dependent 
Frequently accompanied by 
efflux of another metal 
18 
fast and reversible. Then the biosorption is followed by a slower metal ions binding 
process in which additional metal ions are bound, and this is usually irreversible. In most 
case, diffusion of metal ions into the cell interior and binding to proteins and other 
intracellular sites occur in this phase (Cetinkaya D6nmez et al., 1999). 
These mechanisms are mainly contributed by the cell walls of the biomass that 
may be composed of polysaccharides, proteins and lipids. These biological molecules is 
particularly abundant of metal binding functional groups, such as carboxylate, hydroxyl, 
sulphate, phosphate and amino group (Aksu and Kustal, 1991; Fourest and Volesky, 
1996; Veglio and Beolchini, 1997; Delgado et al., 1998). 
c. Criteria for a good metal sorption process and advantages of biosorption for 
removal ofheavy metal ions 
Criteria were suggested for a promising alternative in metal ion removal process. 
For example, in order to be compatible with the existing technologies in treating metal 
ions containing effluent, ideal new alternatives for cleaning up metal ions from industrial 
effluent should bear the following criteria, at least to certain extent. Also the new 
alternatives should be compatible with existing operations, in particular with the up-
stream processes. It should be a cost-effective processes so the addition of overall 
production costs can be minimal. The cleaning process should also be flexible to handle 
fluctuations in quality and quantity of effluent feed. Reliability is also important since 
most effluent processes will be operated continuously. The system should also be robust 
so supervision and maintenance can be minimized. Moreover, high selectivity towards 
the target pollutants (i.e. metal ions) is highly desirable in order to avoid removal of non-
target contaminants. Furthermore, the new system should be simple hence investment 
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for automation and workforce can be minimized (Eccles, 1995). In addition, if 
biosorption is used as alternative, the process should be developed from inexpensive 
source of biomass. The rate of metal uptake and binding capacity of metal ions should 
be high. It is also preferable to have effective desorption methods and recycling or 
desorbents so that the biomass can be used repeatedly (Mattschka et al., 1993). 
In fact, several potential advantages were reported for biosorption of heavy metal 
ions from industrial effluent. First, metal ions at low concentration can be selectively 
removed. Also, biosorbents usually have very low affinity for calcium (Ca�+) and 
magnesium (Mg2+) ions, which are non-target metal ion that usually present in larger 
amount in effluent. This offers ability to handle multiple metal ion and mixed waste. 
The system using biosorbents can be operated in a broad range of pH (pH 3-9) and a 
wide range of temperature (4-90°C). Moreover, the cost and liability of toxic sludge 
disposal are eliminated since the pollutant metal ions can be turned into metal ions 
product, provided that suitable recovery/regeneration processes were employed. The 
biosorption system also offers low capital investment and low operation costs (Kuyucak, 
1990; Wilde and Benemann, 1993). A comparison of price for raw materials for 
sorption of metal ions removal were tabulated as in Table 1-5. 
d. Selection of potential biosorbent for metal ions removal 
Various types of living organism were reported to have good metal ions removal 
ability. These organisms ranged among yeast, bacteria, fungi and algae. (Table 1-6). 
Generally, the potential biomass for development into metal ions biosorbent are obtained 
from two major origins. The first one is the waste from industrial processes, for 
examples the waste biomass from yeast or fungi fermentation industry and waste sludge 
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Table 1-5. Comparison of the cost between raw materials of biosorbent and 
conventional adsorbent (Kuyucak, 1989). 
Source Price of the sorbent^ 
Byproduct of fermentation No cost or nominal plus drying and transportation 
Activated sludge No cost or nominal plus drying and transportation 
Specifically cultured biomass $1 - $5/kg 
(fungi, yeast)b 
Marine algae^ $1 -$2/kg 
Specially cultured algae^ $7 - $8/kg 
Ion exchange resins $7 - $14/lb 
Activated carbon $1 - $2/lb 
a. in US dollar 
b. dry weight 
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Table 1-6. Examples ofbiosorbent for heavy metal ions removal. 
Biomass type/Species^ Metal Reported removal Reference 
ions^ capacity (mg/g)^ 
Bacteria 
Streptomyces clavuligerus Cd:+ 52.8 Butter et al., 1998 
Zoogloea ramigera Pb�+ 85 Sag and Kutsal, 1995 
Fe3+ 67 Sag and Kutsal, 1995 
Ni2+ 54 Sag and Kutsal, 1995 
Cu2+ 35 Sag and Kutsal, 1995 
2十 
Pseudomonas aeruginosa Ni 265 Sar etal., 1998 
Cu2+ 137.6 Sar^ra/., 1998 
Streptomyces rimosus Zn^+ 6.63 Bakkologlu etal., 1998 
Cu2+ 9.07 Bakkologlu et al., 1998 
Pseudomonas aeruginosa Pb�+ 489 Chang and Chen, 1999 
Cu2+ 98.5 Chang and Chen, 1999 
Cd2+ 84.53 Chang and Chen, 1999 
Fungus 
Fusarium flocciferum Ni:+ 52.23 Delgado et al., 1998 
Cd2+ 19.35 Delgado et al., 1998 
Rhizopus oligosporus Pb�+ 126 Ariff et al., 1999 
Penicillium chrysogenum Zn^+ 19.2 Bakkologlu et al., 1998 
Cu2+ 8.62 Bakkologluda/.,1998 
Algae 
Ecklonia radiata Pb]+ 281.79 Matheickal and Yu, 1996 
Cu2+ 73.72 Matheickal and Yu, 1996 
Cd2+ 112.41 Matheickal and Yu, 1996 
Fucus vesiculosus Pb�+ 174 Volesky, 1994 
Ascophyllum nodsum Pb�+ 201 Volesky, 1994 
Sargassum fluitans Pb:+ 216 Volesky, 1994 
Chlorella vulgaris Cu�+ 18.72 Lau et al., 1999 
Ni2+ 12.06 Laue,a/.，1999 
Chlorella miniata Cu^^ 23.26 Lau et al., 1999 
Ni2+ 20.37 L m e t a l , 1999 
Chlorella vulgaris Cu]+ 28 Aksu, et al., 1999 
Others 
Activated sludge Zn!+ 5.9 Bux et al., 1999 
Zn�+ 9.7 Bakkologlu et al,, 1998 
C ^ 5.54 Bakkologlu et al., 1998 
a. The biosorbent may not in the original state and may subjected to different type of physical/chemical 
pretreatment. The size of the biomass may also varied. 
b. The initial concentration and pH of the metal ions may varied. The salts for metal ions solution 
preparation may also different. 
c. The reported data here may not represent the maximum removal capacity of the corresponding 
biosorbent. 
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from wastewater treatment works. The second source is the biomass from the 
environment, for examples, bacteria and algae. Both sources of biomass show a 
common advantage: the cost for large quantity of these biomass is low. 
Another key factor that should be considered is the used of viable or non-viable 
biomass. Although use of viable biomass can utilize the mechanisms contribute by the 
metabolic processes, advantages are often found in favour of non-viable system. For 
example, non-living biosorbents can be re-used after regenerating the exhausted 
biosorbent using suitable desorbing agents (Matheickal and Yu, 1999). Non-viable 
biomass also would not suffer from any detrimental effects from the toxic effect 
contribute by the heavy metal ions that it uptakes (Butter et al., 1998). The cost for 
energy and nutrient to support for the living of the organisms, if a viable system is 
employed, can be eliminated. Also, the process conditions are not restricted and a wider 
range of operating parameters, such as pH, temperature and metal ions concentrations, 
are possible (Chandra et al., 1997). In fact, dead cells may even be more efficient in 
metal ions sorption since the cell walls may be ruptured, and thus further exposing more 
binding sites for the metal ions (Gadd, 1990). 
1.1.7 Procedures of biosorption 
In order to bring certain type of biomass into application of metal ions removal 
treatment, a series of study was needed to conduct. Arbitrarily, the overall study can be 
divided into two phases: basics study and pilot scale study. 
a. Basic study 
At the very beginning, a number ofbiomass for biosorption processes were 
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subjected to screening study. Usually, this is achieved by determining the biosorption 
ability to the target metal ion(s) under selected conditions, e.g. metal ions concentration, 
and pH. The most common terms for judging the removal ability of a biosorbent is 
removal capacity (RC) and removal efficiency (RE). 
RC is the amount of metal ions adsorbed by per unit mass of biosorbent while 
RE is the percentage removal of metal ions by the sorption process. These parameters 
can be determined by the following equations: 
For removal capacity: 
v{Q-Ce) 
qe = ^ 
m 
For removal efficiency: 
^ , , = fc^xlOO% 
^ Ce 
where, qe = removal capacity (RC, unit: mg/g or mmol/g) 
e^% = removal efficiency (RE, unit: %) 
V= volume of the metal ions solution 
Ci = initial concentration of metal ions 
Ce = equilibrium concentration of metal ions 
m = mass ofbiosorbent added 
When one or more relatively outstanding candidates were found, further detail basic 
study will be performed towards them. 
The selected candidates will then be subjected for further study on biosorption 
under different physico-chemical conditions, which the core factors usually involved the 
effect of biomass weight, pH, retention time, metal ions concentration, presence of 
additional cations/anions. Among these factors, the effect of pH seems to be the most 
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important one since it affects metal ions chemistry in the solution, the activity of 
functional groups in the biomass and the competition of the metal ions (Veglio and 
Beolchini, 1997). 
Certain peripheral basics studies may also be necessary depend on different 
situation, for example the need of pretreatment, recovery of metal ion/regeneration of 
biomass and immobilization of the biomass. Real target metal ions effluent may also be 
used to challenge the metal ions removal ability of the selected biomass. The 
significance of these studies was summarized in Table 1-7. 
b. Pilot-scale study 
Once the basic features of the potential biosorbent are characterized, a pilot scale 
study is conducted before the biosorbent is brought into real application. This phase of 
study mainly involve the design of laboratory-scaled effluent treatment device. In terms 
of technological configuration, the reactor design is very similar to that used in the ion 
exchange process or activated carbon applications (Volesky, 1990b). In terms of flow 
arrangement, the reactors can be classified as a batch or continuous flow reactor. With 
respect to the mode of contact between the solid (i.e. biosorbent) and liquid (i.e. metal 
ions effluent), the typical type of reactor include fixed packed-bed contactor, fluidized-
bed contactor and stirred-tank contactor. 
After the design of suitable configuration of the reactor, a number of parameters 
are tested to find out their influence on the reactor and so the operation can be tuned 
appropriately. These factors are usually in the technical aspect, which involved the flow 
rate of the effluent, mixing power, the exhaustion limit of the reactor, contact 
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Table 1-7. The parameters involve in the basic study in development of biosorbent 
for metal ions biosorption and their significance. 
Study area Significance 
Physico-chemical parameters 
Biomass weight - determine the maximum amount ofmetal ions 
that can be removed by per unit ofbiomass 
(maximum removal capacity) 
- avoid the excessive use of biosorbent 
pH - determine the influence of pH on biosorption 
process 
- predict the potential need for pH adjustment in 
treatment process 
Time (Kinetic study) - determine the kinetic profile throughout the 
biosorption process 
- reduce the time of contact between the 
biosorbent and effluent 
Metal ion concentration - determine the metal ions concentration effect on 
(Isotherm study) the removal ability by fixed amount of 
biosorbent 
- prediction of maximum removal ability, affinity 
and other factors by suitable model, e.g. 
Freundlich and Langmuir adsorption isotherm 
Additional ions (Mix-cation/anion) - determine the effect on biosorption in the 
presence of other cations/anions 
Peripheral parameters 
Pretreatment - enhancement of removal ability by appropriate 
physical/chemical treatment 
- enhancement of life-span of the biomass 
Immobilization - enhancement of separation of biosorbent from 
effluent 
- maintenance ofbiosorbent particle size and 
strength, resistance to chemical and microbial 
degradations of biosorbent 
- determine the effect on biosorption by 
immobilization matrices 
- facilitate appropriate reactor operation 
Recovery of metal ions/ - facilitate the reusability of metal 
Regeneration ofbiomass - facilitate the reusability ofbiosorbent 
- minimize the disposal/post-treatment pressure of 
the biosorbent 
Treatment of real effluent - simulate the real treatment situation 
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time between the effluent and biosorbent and the arrangement of the reactor. The items 
needed to be test are highly dependent on the design of the concerned reactor. The 
physico-chemical factors and the peripheral parameters investigated in the basic study 
should also be determined again in the laboratory-scale reactor to reveal the influence 
when the biosorbent was used in reactor instead of the original set-up. If the pilot study 
reflect that reactor using biosorbent is a promising device in treatment of metal ions 
effluent, the set-up can be up-scaled for real application. 
c. Examples of commercial biosorbent 
Biosorption is a promising new alternative in treatment of metal ions effluent. In 
fact, some biosorbents had been commercialized and reported to have good 
performance. For example, AlgaSORB™, which is originated from a fresh water alga 
species Chlorella vulgaris, was found efficient in removing metal ions from dilute 
solutions (1-100 mg/L) to levels below 1 mg/L or below the detectable limit solution 
(Kuyucak, 1990). AMT-BIOCLAIM™, which is developed from Bacillus sp. biomass, 
is another example. This biosorbent was reported effective towards a number of metal 
ions, e.g. Pb�+, Cu!+，Cd�+ and Zn�+. The removal efficiency can be more than 99% in 
dilute metal ions solution (Kuyucak, 1990). 
1.1.8 Seaweed as a potential biosorbent for heavy metal ions 
As mentioned in Section 1.1.6-d, biomass from the environment is a good 
potential source of biosorbent since the cost of utilization would be relatively low due to 




Seaweeds, or macroalgae, can be classified into three major groups according to 
the nature of their pigments, i.e. green seaweed (Chlorophyceae), red seaweed 
(Rhodophyceae) and brown seaweed (Phaeophyceae) (Chapman and Chapman, 1980; 
Darcy-vrillon, 1993). Their abundance and diversity have made them prime material for 
human use. They are widely used as food source for human being. They have been 
used as human food since ancient times because of their food value, flavours, colours 
and textures. Analyses of certain edible seaweed showed that many of them contain 
significant amounts of protein, vitamins and minerals essential for human nutrition. 
Apart from being food source of human being, seaweeds are also used widely in other 
aspects, such as fodder for feeding livestock, fertilizer for agriculture, drugs for 
medicinal purpose and source of extraction for macromolecules (e.g. agar, carrageenan 
and algin) (Waaland, 1981). The source of seaweeds mainly comes from two origins: 
collection from the ocean and cultivation. 
The use as biosorbent for metal ions removal from effluent is a relatively new 
aspect for utilization of seaweeds. However, seaweeds biomass should be a promising 
materials in biosorption of heavy metal ions since many species were reported to have 
good removal capacity towards different metal ions (Table 1-8). 
The metal ions removal phenomenon by seaweed biomass is likely to be 
contributed by the polysaccharides content of the cell wall. The primary functions of 
these polysaccharides are the provision of sources of energy and the provision of 
structural strength as in the cell walls and matrix polysaccharides. The metal binding 
ability is highly arisen from their anionic or charged nature. It was suggested that these 
polysaccharides serve as a sort of ion exchange material, and/or might help to sequester 
certain ions. It is also peculiar that sulphated polysaccharides are found in marine algae 
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Table 1-8. Examples of seaweed biomass as biosorbent for metal ion 
Seaweed species^ Metal Reported References 
ions^ removal capacity 
(mg/g)c 
Phaeophyceae (brown seaweed) 
Durvillaeapotatorum Cd�+ 123.65 Matheickal etal., 1999 
Ecklonia radiata Pb�+ 281.79 Matheickal and Yu, 1996 
Cu2+ 73.72 Matheickal and Yu, 1996 
Cd2+ 112.41 Matheickal and Yu, 1996 
^ i 
Fucus vesiculosus Pb 174 Volesky, 1994 
Ascophyllum nodosum Pb�+ 201 Volesky, 1994 
Sargassum fluitans Pb�+ 216 Volesky, 1994 
Sargassum natans Pb�+ 211 Volesky, 1994 
Pandina gymnospora Pb�+ 23 Volesky, 1994 
Lessonia flavicans Pb�+ 300.44 Yu et al,, 1999 
Cu2+ 79.44 Yu etaL, 1999 
CcP 130.40 Yu etal., 1999 
Lessonia nigresense Pb�+ 302.51 Yu et al., 1999 
Cu2+ 80.07 Yu etal., 1999 
Cd2+ 123.65 YuetaL, 1999 
Laminaria japonica Pb�+ 275.58 Yuetal., 1999 
Cu2+ 76.26 YuetaL, 1999 
CcP 124.78 Yuetal., 1999 
Laminaria hyberbola Pb?+ 279.72 Yu et al., 1999 
Cu2+ 77.53 YuetaL, 1999 
Cd2+ 92.18 Yu etal, 1999 
Sargassum fluitans Cu^^ 89 Leusch et al., 1995 
Ni2+ 46 Leusch etal, 1995 
Zn2+ 43 Leusch etaL, 1995 
Ascophyllum nodosum Cu�+ 75 Leusch etal., 1995 
Ni2+ 52 Leusch etaL, 1995 
Zn2+ 34 Leuschera/., 1995 
Rhodophyceae (red seaweed) 
Chondrus crispus Pb�+ 65 Volesky, 1994 
Palmaria palmata Pb]+ 11 Volesky, 1994 
Chlorophyceae (green seaweed) 
Codium taylori Pb�+ 130 Volesky, 1994 
a. The seaweed biomass may not in the original state and may subjected to different type of 
physical/chemical pretreatment. The size of the biomass may vary. 
b. The initial concentration and pH of the metal ions may vary. The salts for metal ions solution 
preparation may different. 




but absent in higher plant (McCandless, 1981). This fact also gives a cue on the metal 
binding ability of the seaweed biomass since sulphate-containing groups were reported 
to have high affinity towards metal ions as mentioned in Section 1.1.1. 
Different divisions of seaweed are characterized with different type and 
composition of polysaccharides. Variations also occur among different species under 
the same division. Therefore, the metal removal ability of seaweed biomass would vary 
among different divisions and species of seaweeds. This makes the study on 
development of seaweed as biosorbent a large, endless research. 
1.2 Obj ectives of study 
This study focused on the development of a new biosorbent for removal ofheavy 
metal ions from industrial effluent. The target effluent is from electroplating industries, 
which were reported to be a significance source of heavy metal pollution in Hong Kong 
as mentioned in Section 1.1.3. In the past, a number of studies had paid effort in using 
native species for biosorption of metal ions. Nevertheless, species mainly limited to 
bacteria (Fung, 1994; Sze, 1996) and microalgae (Lau et al., 1999). The potential of 
native seaweed species in this aspect had been underrated. From the global point of 
view, the studies of using seaweed as a biosorbent often confine to the brown seaweed, 
which green seaweeds are often overlooked. Therefore, this study explored the 
possibility of using native green seaweeds species as biosorbents of metal ions from 
industrial effluent. One of the most typical green seaweeds in Hong Kong is the Ulva 
species. Ulva spp. are marine green algae that usually grow on rocks in the middle to 
low intertidal zone. The fronds of Ulva are composed of two layers of cells, with each 
cell having a large cup-shaped chloroplast toward the exterior of the cell. The holdfast 
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portion is perennial. It proliferates new blades each spring while cell division may occur 
anywhere in the thallus (Lee, 1989). Ulva spp. demonstrate an isomorphic alternation of 
generation, which means the morphology is indistinguishable between the gametophyte 
and sporophyte. The key difference between the two stages is that gametophyte form 
biflagellate gamates while the sporophyte produce quadriflagellate zoospores (Lee, 
1989). 
The potential candidates for the adsorption of metal ions were three Ulva species 
collected locally. The species are named as Ulva sp. 1, Ulva sp. 2 (identified as Ulva 
lactuca) and Ulva sp. 3. Sargassum siliquastrum was chosen as reference biosorbent as 
species of Sargassum were reported to have good metal ions removal ability (Leusch et 
al., 1995; Volesky, 1994). One of the Ulva species was selected for further study based 
on its better removal capacity of Cu】+，Np+ and Zn^^. These three metal ions were 
chosen as target pollutants since they are the major metal ions in the electroplating 
effluent of Hong Kong. 
The effects of physico-chemical parameters, which are important in biosorption 
processes, on the adsorption of metal ion by these algal biomass were determined. 
These parameters included the effect of biomass weight, pH, retention time, metal ions 
concentration and presence of additional cations/anions. The studies of these parameters 
aimed at the search for optimal conditions for biosorption of the selected ions for any 
potential application of the Ulva biosorbent. Searching of suitable desorbing agents was 
also of interest in order to recover the metal ions from the biomass and regenerate the 
biosorption capacity of the biomass. After these factors were determined, industrial 
effluent collected from local electroplating industry was used to test for the real situation 
applicability of the selected biosorbent under pre-determined conditions. It was 
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2. Materials and Methods 
2.1 Collection of seaweed samples 
Fresh samples of three seaweed species, namely Ulva sp. 1, Ulva lactuca and 
Ulva sp.3 (Fig. 2-2), for metal ions removal and recovery were collected from different 
sites in Hong Kong (Fig. 2-1). The collection sites for the three species were Marine 
Science Laboratory (MSL) at The Chinese University of Hong Kong, A Ma Wan 
(AMW) at Ping Chau Island and Butterfly Bay (BFB) at Tuen Mun, Hong Kong, 
respectively. The characteristics of the three Ulva species were given in appendixes 
(Table 8-1). In addition, brown algae Sargassum siliquastrum (Fig. 2-3) was collected 
from Lung Lok Shui (LLS) ofPing Chau Island, Hong Kong, as a reference. 
2.2 Processing of seaweed biomass 
Collected seaweed samples were first washed by tap water to remove sand, silt 
and epiphytes attached on the surface. The samples were then dried overnight in oven at 
60�C. Dried samples were blended by a Cycotec sample mill (Teactor 1093-001) into 
powders of size < 0.5 mm. Powdered seaweed biomass (Fig. 2-4) were dried again in 
oven at 60°C for overnight to remove excess moisture and then stored in dessicator 
before use. 
2.3. Chemicals 
Stock solution (10,000 mg/L) of copper ions (Cu�+), nickel ions P^i�+) and zinc 
ions (Zn2+) were prepared by dissolving 13.41 g of CuCl2 2H2O, 20.25 g of 
NiCl2 6H2O and 10.42 g 0fZnCl2 in 500 mL MilliQ water (Millipore, the United States) 
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respectively. Metal ions containing solution of designated concentration was prepared 
by diluting appropriate volume of stock solution with MilliQ water and initial pH (pHj) 
of the solution was adjusted by adding suitable amount of hydrochloric acid (HC1) and 
sodium hydroxide solution (^aOH). The concentration of HC1 and NaOH used for pH 
adjustment depended upon different situations. Mix-cations solution (combination of 
Cu2+，Ni2+, Zn2+ and Cr^^) and mix-anions solution (combination of S0/" , C1' and 
Cr2O7^") were prepared in a similar manner. 
Desorbing agents of 0.1 M hydrochloric acid (HC1), nitric acid (HNO3) and 
sulphuric acid (H2SO4) were prepared by diluting 9.82 mL concentrated HC1 (32%), 
6.93 mL concentrated HNO3 (65%) and 5.6 mL concentrated H2SO4 (95-97%) to 1 L 
with MilliQ water respectively. Desorbing agents of 0.1 M thiourea (TU), citric acid 
(CA) and ethylenediaminetetra acetic acid (EDTA) were prepared by dissolving 7.61 g 
thiourea, 21.01 g citric acid-l-hydrate and 37.22 g ethylenediaminetetra acetic acid 
disodium salt in 1 L MilliQ water respectively. The pH of these desorbing agents was 
adjusted to designated pH by suitable amount and concentration of HC1 and NaOH 
solution. 
Standard solutions for determination of Cu�+, Ni�+ and Zn�+ concentration by 
atomic absorption spectrophotometry (AAS) were prepared by serial dilution of 
commercially available standard stock solution (1,000 mg/L). Standard solution for 
determination of metal ions concentration by inductively coupled plasma 
spectrophotometry (ICP) were prepared by dilution of commercially available multi-
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Figure 2-2. Seaweeds for metal ions adsorption: (a) Ulva sp. 1，(b) Ulva lactuca and 
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Figure 2-4. Powdered seaweed biomass. From left to right: Ulva sp. 1, Ulva lactuca, 
Ulva sp. 3 and Sargassum siliquastrum. 
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2.4 Characterization of seaweed biomass 
2.4.1 Moisture content of seaweed biomass 
One and half mg of seaweed biomass was added to a Mettler LJ 16 moisture 
analyzer for determination of moisture content based on heating of biomass with the aid 
of infrared radiation of wavelength 2 to 3.5 ^im. The data was given the appendixes 
(Table 8-3). 
2.4.2 Metal ions content of seaweed biomass 
Zero point five g of seaweed biomass was added to 20 mL mixture of 65% nitric 
acid and 35% hydrogen peroxide (ratio 1:1). The mixture was digested in Winmount 
CEM MARS 5 microwave digestion system (conditions: 130 psi, 160�C and 30 min). 
The digest was diluted 100-fold by MilliQ water (Millipore, the United States) and filter 
with a Whatman #41 filter paper. The concentration of metal ions in the digest was 
determined by inductively coupled plasma spectrophotometry (ICP, by a Thermo Jarell 
Ash Atomscan 16 inductively coupled plasma spectrophotometer). The data was given 
in the appendixes (Table 8-2). 
2.5 Characterization of metal ions biosorption by seaweed 
Batch tests were used throughout this study. 
2.5.1 Effect of biomass weight and selection of biomass 
Cu2+，Ni2+ and Zn�+ solutions were prepared by diluting the corresponding stock 
solution to 100 mg/L. The pH of the metal ions solution was adjusted to pH 5.0 by 
adding appropriate volume and concentration ofHCl and NaOH solution. Portions of 50 
mL of the solution was dispensed into acid-pre-washed plastic vials. Various amount of 
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Ulva sp. 1，Ulva lactuca, Ulva sp. 3 and Sargassum siliquastrum biomass (10, 20, 40， 
80, 120, 160 and 200 mg) were added to the metal ions containing solution and shaken 
at 200 rpm for 60 mins on a rotary shaker at 25¾. One and half mL of the solution was 
collected from each vial and separated the biomass from the solution by centrifugation in 
a Sanyo Micro Centaur microfuge at 12,000 rpm for 3 minutes. Supernatant was 
collected and stored in plastic sampling vials. The samples were diluted to measurable 
2+ 2+ 
range for AAS determination by MilliQ water. The residual concentration of Cu , Ni 
and Zn2+ after the sorption process was determined by a Hitachi Z8100 polarized 
Zeeman atomic absorption spectrophotometer at 324.8，232.0 and 213.9 nm respectively. 
Removal capacity (RC, mg metal ions/g biomass) was determined by the equation as 
described in Section 1.1.7. The Ulva species that showed the best metal ions removal 
ability was selected for further study in the following sections. 
2.5.2 Effect o fpH 
Ulva lactuca (tentatively identified as Ulva lactuca) was selected for further 
study based on the results of Section 2.4.1. Fifty mL metal solution of Cu�+ (range of 
pHi 4.0, 5.0，6.0, 6.2，6.4, 6.6，6.8, 7.0, 7.5 and 8.0)，Zn�+ (range ofpHi 4.0，5.0, 6.0，7.0’ 
7.6, 7.8，8.0, 8.2，8.4 and 8.6) and Ni�+ (range ofpHi 4.0, 5.0, 6.0, 7.0 and 8.0) were used 
to determine the effect of pH on the RC by the selected biomass. Amount of biomass 
ranged among 20, 40，80 and 120 mg were added to 50 mL metal ions solution and 
shaken at 200 rpm for 60 minutes. Biomass was either separated by centrifugation 
described in Section 2.4.1 (for pH 4.0 - 6.4 of Cu�+, 4.0-7.0 of Zn�+ and all pH range of 
Ni2+) or by a Schleicher & Schuell disposable filter (^ore size 0.2 |am) (for pH 6.4 — 8.0 
of Cu2+，7.6 - 8.6 of Zn2+). The residual concentration of metal ions after the 
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biosorption was determined as described in Section 2.5.1. Equilibrium pH was 
measured by an Orion expandable ion analyzer. Optimal condition of biomass amount 
and initial pH for the three metal ions studied was determined for further study in the 
following section. 
2.5.3 Effect of retention time 
One hundred and sixty mg of Ulva lactuca biomass was added to 200 mL 
(selected condition with biomass amount to metal ions solution ratio = 40 mg:50 mL, as 
determined in Section 2.5.2, with amount of sorbent and sorbate scaled up 4 times) 
Cu2+, Ni2+ or Zn2+ containing solution at pH 5.0. Metal ions solutions were sampled at 
11 time intervals within 2 hours of biosorption experiment (i.e. 0, 1，2, 5, 10, 15, 30, 45, 
60，90 and 120 mins) and biomass was separated by centrifugation as described in 
Section 2.5.1. The residual concentration of the metal ions solution at different time 
intervals were determined as describe in Section 2.5.1. The kinetic profile for the 
biosorption of the three metal ions was described as change of removal efficiency (RE), 
with the equation described in Section 1.1.7. 
2.5.4 Effect of metal ions concentration 
Forty mg of Ulva lactuca was added to 50 mL Cu]+, NP+ or Zn^^ solution with 
various concentrations (10，20，50, 100, 150 and 300 mg/L) and shaken at 200 rpm for 
30 minutes as determined in Section 2.5.3. Cu�+, >tf + or Zn�+ RCs of Ulva lactuca were 
determined as described in Section 2.5.1. Moreover, Langmuir and Freundlich 
adsorption isotherms were used to analyze the results obtained. 
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The Langmuir isotherm had the following assumptions (Volesky, 1990b; Fourest 
and Roux, 1992; Matheickal and Yu, 1996): 
- The biosorbent surface consists of adsorption sites. 
- Each site can hold one sorbate ion 
- The metal ions are chemically adsorbed at a fixed number of well-defined 
sites. 
- All adsorbed species interact only with a site and not with each other. 
- Adsorption is limited to a monolayer. 
- Adsorption energy of all sites is identical and independent of the presence 
of adsorbed species on neighbouring sites. 
- No transmigration of adsorbate in the plane of the surface. 
The empirical form ofLangmuir adsorption isotherm equation is given as: 
b i^ eCf max 
Qe = 
^ n+ bCe) 
And the linear form is given as: 
2 二 丄 。 + 丄 
qe q max q max b 
where qe = removal capacity 
Ce = equilibrium concentration of metal ions in solution 
q^ax = maximum adsorption capacity (unit: mg/g or mmol/g) 
b = affinity constant (unit: L/mg or L/mmol) 
Freundlich isotherm holds most of the assumptions suggested in Langmuir 
isotherms, except it assumes that sorption is on a heterogeneous surface and the binding 
sites are not equivalent and/or independent (Aksu et al, 1999). In order words, if the 
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data for adsorption from solution fit the equation, it is possible that the surface is 
heterogeneous, though the fact is not proved by the model solely (Adamson, 1982). The 
empirical Freundlich adsorption isotherm equation (Volesky, 1990) is given as: 
qe 二 k Ce'" 
The equation can be lineralized by taking natural log (ln) and give the following form: 
\nqe = ln k +1/ n Ce 
where qe = removal capacity 
Ce = equilibrium concentration of metal ions in solution 
k = adsorbent capacity 
1/ n = adsorption intensity 
2.5.5 Effect of mix-cations and mix-anions on the removal capacity of selected 
metal ions by Ulva lactuca 
2+ 2+ 
Forty mg of Ulva lactuca biomass was added to 50 mL, 100 mg/L Cu , Ni or 
Zn2+ solution with addition of single or combination of mean concentration of cations 
(Cu2+, Ni2+, Zn2+ and Cr^^) and anions (SO4 "^, C1' and Cr2O7 "^) in local electroplating 
effluent (Environmental Management Division, 1986). The mixtures were then shaken 
at the condition determined in Section 2.5.3. Cu�+, NP+ or Zn]+ RCs of Ulva lactuca 
were determined as described in Section 2.5.1. The spectrophotometric methods used 
were atomic absorption spectrophotometry (AAS, by a Hitachi Z8100 Polarized Zeeman 
atomic absorption spectrophotometer) for mix-cations effect and inductively coupled 
plasma spectrophotometry (ICP, by a Thermo Jarell Ash Atomscan 16 inductively 
coupled plasma spectrophotometer) for mix-anions effect. 
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2.5.6 Recovery of adsorbed metal ions from Ulva lactuca (I): screening for 
suitable desorbing agents 
Screened desorbing agents included 0.1 M hydrochloric acid (HC1), 0.1 M citric 
acid (CA) and 0.1 M thiourea (TU) with pH 1.0 and 3.74，0.1 M ethylenediaminetetra-
acetic acid (EDTA) with pH 3.74 and 0.1 M sulphuric acid (H2SO4) and 0.1 M nitric 
acid (HNO3) with pH 1.0. 
Forty milligrams of Ulva lactuca biomass was added to 50 mL, 100 mg/L Cu�+, 
Ni2+ or Zn2+ solution and shaken at the condition determined in Section 2.5.3. Cu�+, Ni�+ 
or Zn2+ RCs of Ulva lactuca were determined as described in Section 2.5.1. The 
spectrophotometric methods used were AAS for Cu^^ and ICP for Ni�+ and Zn^+. 
The metal ions-loaded biomass was collected by a Millipore Durapore® 
membrane and flushed with 750 mL MilliQ water. The collected biomass was 
transferred to 50 mL desorbing agent and shaken at 200 rpm for 30 minutes. One point 
five millilitres of the desorbing agent were collected from each vial and separated the 
biomass by centrifugation as described in Section 2.5.1. Supernatant was collected and 
stored in plastic sampling vial. The samples were diluted to measurable range by MilliQ 
^ I « ^ i ^ I 
water. The residual concentration of Cu , Ni or Zn in the desorbing agents after the 
desorption process was determined as described in Section 2.5.1 by either AAS (for 
Cu2+) or ICP (for Ni�+ and Zn�+). The results were expressed as recovery percentage (%, 
removal capacity/recovery capacity), where recovery capacity (ReC) means the amount 
of metal ions desrobed per unit biomass (mg metals desorbed/g biomass). 
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2.5.7 Recovery of adsorbed metal ions from Ulva lactuca (II): multiple 
adsorption-desorption cycles of selected metal ions 
Based on the results from Section 2.5.6, 0.1 M sulphuric acid (H2SO4, pH 1.0) 
was chosen for further study in multiple adsorption-desorption cycles of metal ions from 
Ulva lactuca. The procedures basically followed that in Section 2.5.6 except three 
consecutive cycles were performed. 
2.5.8 Removal and recovery of selected metal ions from electroplating effluent by 
Ulva lactuca 
Metal ions containing industrial effluent was collected from a final wastewater 
collection tank of a local electroplating factory. The collection tank was the last storage 
tank of effluent prior to the discharge into pipes. The effluent was filtered by a Millipore 
Durapore® membrane (pore size 0.45^im). The pH of the effluent was measured by an 
Orion expandable ion analyzer. Then the pH of was adjusted to 5.0 and filtered again. 
The concentration of Cu】+，Ni�+ and Zvi^ in the effluent was determined by a Thermo 
Jarell Ash Atomscan 16 inductively coupled plasma spectrophotometer (ICP). The 
concentration of fluoride (F"), chloride (C1"), nitrate (NO3') and sulphate (S0/") in the 
effluent was determined by a ion chromatography system (ICS) consists of a Dionex LC 
20 chromatography with a CD 20 conductivity detector. 
In the biosorption experiment, 50 mL effluent was dispensed into acid-pre-
washed plastic vial followed by addition of 40 mg Ulva lactuca and shaken at 200 rpm 
for 30 mins. Cu�+, Ni�+ and Zn�+ RCs of Ulva lactuca in the effluent were determined as 
described in Section 2.5.1, with the use of ICP for determination of residual 
concentration of the selected metal ions. 
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The metal ions-loaded biomass was collected by a Millipore Durapore 
membrane and flushed with 750 mL MilliQ water. The collected biomass was 
transferred to 50 mL 0.1 M H2SO4 (pH 1.0) and shaken at 200 rpm for 30 mins for 
desorption of loaded metal ions. Cu】+，>tf+ and Zn?+ ReCs from Ulva lactuca were 
determined as described in Section 2.5.6 by ICP. An artificial wastewater with the same 
composition of Cu�+, Ni�+ and Zn�+ was prepared and underwent the same procedures in 
order to investigate how the composition of the effluent would affect the RCs and ReCs 
of the selected metal ions by Ulva lactuca 
2.6 Statistical analysis of data 
All experiments in this study were carried in triplicates except for 
characterization of metal ions content of seaweed biomass (Table 8-3) which was carried 
in duplicates. Data were analyzed by analysis of variance (one way ANOVA, p<0.05) 
followed by the Tukey's multiple comparison test. The statistics were performed using 




3.1 Effect of biomass weight and selection of biomass 
3.1.1 Effect of biomass weight 
The corresponding removal capacities (RCs) and removal efficiencies (REs) on 
the metal ions by the four seaweed species were summarized in Tables 3-1 and 3-2. 
The effect of biomass weight did not show a significant impact on the Ni�+ RC 
by the three Ulva species as the biomass amount increased from 10 to 200 mg (Figs. 3-1， 
3-2 and 3-3). However, Sargassum siliquastrum showed a distorted bell-shaped 
relationship between the removal capacity and biomass weight, i.e. removal capacity 
was lower in the two extremities of the biomass weight (Fig. 3-4). 
2_|_ 
On the contrary, this effect was more obvious on the biosorption of Cu and 
Zn2+ by the biomasses studied. It was found that there was a statistically significant 
decrease in Cu^^ and Zn?+ RCs when biomass amount increased from 10 to 200 mg in all 
the studied species (Figs. 3-1, 3-2, 3-3 and 3-4). The decrease is more drastic in the 
lower extremity of the biomass weight (arbitrarily, biomass amount 80 mg or below). 
The maximum RCs for Cu�+ and Zn�+ was found when the biomass amount were 10 mg 
in all the experimental set (Figs. 3-1, 3-2 and 3-3)，except in the biosorption of Cu�+ by 
Sargassum siliquastrum, which occurred when biomass amount is 20 mg (Fig. 3-4). 
When comparing REs of the selected metal ions by the four biomass studied, it 
was generally found that metal ions REs increased when biomass weight increased 
(Figs. 3-5, 3-6, 3-7 and 3-8). And up to a certain level ofbiomass weight, the increase in 
metal ions REs leveled off. In the range studied, the maximum metal ions REs in all the 
cases occurred when biomass amount was 200 mg, though statistically 
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Table 3-1. The removal capacity of Cu2+, Ne+ and Zn2+ by different amount of Ulva 
sp. 1, Ulva lactuca, Ulva sp. 3 and Sargassum siliquastrum. 
C 2+ U : 
Biomass Removal capacity (mg/g)* 
weight Ulva sp. 1 Ulva lactuca Ulva sp. 3 Sargarssum (m g) siliquastrum 
10 47.26±1.3Sa** 54.76±0.78a 51.11±1.93a 80.40±1.98a 
20 43.48±0.S7b 49.83±1.44b 42.04±1.60b 85.31±4.1 Ob 
40 34.76±0.59c 42.29±0.23c 32.97±0.66c 72.24±0.77c 
80 2S.67±0.17d 33.61±0.23d 28.61±1.10d 53.46±0.10d 
120 20.00±0.16e 27.6S±0.lSe 23.20±0.17e 38.63±0.25e 
160 16.58±0.18f 21.82±0.01 f 18.S0±0.06f 29.72±0.01 f 
200 14.12±0.08g 18.43±0.06g lS.84±0.08 f 23.87±0.08g 
N·2+ 1 : 
Biomass Removal capacity (mg/g) 
weight Ulva sp. 1 Ulva lactuca Ulva sp. 3 Sargarssum (mg) 
siliquastrum 
10 Negligible 14.78±S.33ae Negligible 19.25±S.09ab 
20 3.14±2.13ac 18.28±0.64 ac IS.S3±2.01 a 30.S8±2.2Sc 
40 9.S4±1.41 b 19.29±2.40a 9.37±1.3Sb 33.13±2.46c 
80 9.40±1.03b 16.48±0.S9ab 13 .38±0.11 acd 27.97±0.S4cd 
120 8.16±0.62b 16.38±2.42ad 11.30±1.76bd 23.78±0.37abd 
160 7.94±2.34b l1.88±1.02bcde 8.90±1.91 b 20.04±0.2Sa 
200 6.62±1.04bc 10.07±0.17bde 7.80±0.23bc 17.S6±0.16a 
Z 2+ n : 
Biomass Removal capacity (mg/g) 
weight Ulva sp. 1 Ulva lactuca Ulva sp. 3 Sargarssum (m g) siliquastrum 
10 34.00±3.S9a 43.SS±I.23a 30.S3±1.48a SO.68±S.S3a 
20 28.71±S.SOb 36.84±0.61 b 26.3S±1.73b 48.2S±0.64a 
40 20.46±0.9Sc 30.11±0.34c 23.78±0.46c 42.30±0.S7b 
80 14.S0±0.21 cd 22.49±0.47d 18.13±0.SSd 34.29±0.34c 
120 11. 76±0.19d 18.04±0.1 Oe IS.02±0.06e 28.24±0.23d 
160 10.02±0.OSd IS.19±0.32f 12.33±0.22f 23.70±0.21 e 
200 8.40±0.18 d 12.91 ±O. IS f 10.60±0.04f 20.41 ±0.1 0 f 
* Data represent means ± standard deviations from triplicates. 
** Means in the same letter in the same column are statistically identical (p<O.05). 
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Table 3-2. The removal efficiency of Cu�+，Ni�+ and Zn:+ by different amount of 
Ulva sp. 1，Ulva lactuca, Ulva sp. 3 and Sargassum siliquastrum. 
Cu'': 
Biomass Removal efficiency (%)* 
weight Ulva sp. 1 Ulva lactuca Ulva sp. 3 Sargarssum 
(mg) siliquastrum 
l0 9.00±0.65'" 10.36士0.8” 9.67i0.35' 16 .31±0.60 '“ 
20 16.66i0.44^ 18.51±0.58^ 15.8510.29^ 33.86i0.89^ 
40 26.33±0.80' 32.30±0.19' 24.91土0.11� 57.67±1.09� 
80 38.70i0.45^ 50.50i0.36^ 43.75il.63^ 84.58i0.20^ 
120 45.10±0.30' 63.33±0.29' 53.24+0.29' 91.93±0.12' 
160 50.09±0.61^ 67.93i0.15^ 57.59±0.15^ 93.54±0.00'^ 
200 53.35±0.14^ 71.83tQ.28^ 6L69i0.37^ 93.70±0.06^ 
Ni'^: 
Biomass Removal efficiency (%) 
weight Ulva sp. 1 Ulva lactuca Ulva sp. 3 Sargarssum~" 
(mg) siliquastrum 
fo negligible 3.02i0.95' negligible 3 . 8 3 ± 1 . 0 9 ' “ 
20 1.26±0.84" 7.58±0.37' 6.36±0.84' 12.80t0.87^ 
40 7 .53±Ulb 15.85+1.84^ 7.63±1.10a 27.55±2.30� 
80 14.92±1.69bc 29.0411.15' 21.21i0.24^^ 46.20±0.75^ 
120 19.53±1.58cd 43.14i6.51^ 26.72±4.07'' 58.93±0.90' 
160 27.81+8.17^ 39.78+3.49^ 28.56i6.08'^' 67.18±0.67'^ 
200 29.0414.53^ 42.27iQ.67^ 31.23±0.87^ 73.62±0.88^ 
Zn'+: 
Biomass Removal efficiency (%) 
weight Ulva sp. 1 Ulva lactuca Ulva sp. 3 Sargarssum 
(mg) siliquastrum 
l0 6.83±0.57' 8.62±0.23' 6.14±0.24' 9 . 7 8 ± 1 . 2 9 ' “ 
20 11.14±2.50^ 14.59+0.23^ 10.28±0.69^ 18.90±0.62^ 
40 16.40士0.80� 23.48士0.23� 18.56±0.46' 33.11±0.47� 
80 22.61±0.40^ 35.15±0.80^ 28.44±0.84^ 54.16±0.41^ 
120 27.52±0.46' 41.71±0.35' 35.24±0.23' 66.49±0.46' 
160 31.50+0.23^ 46.88+0.99^ 38.85i0.62^ 74.30t0.70^ 
2 0 0 3 3 . 1 1 ± 0 . 6 2 ^ 4 9 . 7 7 ± 0 . 6 0 ^ 4 1 . 6 7 ± 0 . 2 4 纟 8 0 . 0 5 ± 0 . 2 3 ^ 
* Data represent means 士 standard deviation from triplicates. 
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Figure 3-1. The removal capacity ofCu�+, N?+ and Zn:+ by different amount of Ulva 
sp. 1. The experimental conditions: metal ions solution volume = 50 mL, 
initial concentration of metal ions solution = 100 mg/L, metal ions 
solution initial pH = 5.0，incubation time = 60 min, shaking rate = 200 
rpm and temperature = 25°C. Data shown above represent means from 
triplicates. Means with the same coloured-letter are statistically identical 
(p<0.05) and error bars represent standard deviation. 
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Figure 3-2. The removal capacity of Cu�+, Ni�+ and Zn:+ by different amount of Ulva 
lactuca. The experimental conditions: metal ions solution volume = 50 
mL, initial concentration of metal ions solution = 100 mg/L, metal ions 
solution initial pH = 5.0, incubation time = 60 min, shaking rate = 200 
rpm and temperature = 25®C. Data shown above represent means from 
triplicates. Means with the same coloured-letter are statistically identical 
(p<0.05) and error bars represent standard deviation. 
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Figure 3-3 • The removal capacity of Cu】+，Ni�+ and Zn�+ by different amount of Ulva 
sp. 3. The experimental conditions: metal ions solution volume = 50 mL, 
initial concentration of metal ions solution = 100 mg/L, metal ions 
solution initial pH = 5.0, incubation time = 60 min, shaking rate = 200 
rpm and temperature = 25�C. Data shown above represent means from 
triplicates. Means with the same coloured-letter are statistically identical 
(p<0.05) and error bars represent standard deviation. 
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Figure 3-4. The removal capacity of Cu�+, Ni�+ and Zn:+ by different amount of 
Sargassum siliquastrum. The experimental conditions: metal ions 
solution volume = 50 mL, initial concentration of metal ions solution = 
100 mg/L, metal ions solution initial pH = 5.0, incubation time = 60 min, 
shaking rate = 200 rpm and temperature = 25T . Data shown above 
represent means from triplicates. Means with the same coloured-letterare 










0 60 - f f 
1 5 � _ d _ ^ J ^ ^ ^ ^ ^ ^ ^ ^ 
^ 40 - M - ^ ' ^ ^ ^ ^ ^ ^ f f 
• ： , i : ^ 5 ^ ^ 
10 - ^ ^ ^ ^r^"^"^"^^ bc 
0 - “ ^ 
r- 1 1 ‘ 
0 50 100 150 200 
Weight of biomass (mg) 
Figure 3-5. The removal efficiency of Cu�+, Ni�+ and Zvt^ by different amount of 
Ulva sp. 1. The experimental conditions: metal ions solution volume = 50 
mL, initial concentration of metal ions solution = 100 mgfL, metal ions 
solution initial pH = 5.0, incubation time = 60 min, shaking rate = 200 
rpm and temperature = 25�C. Data shown above represent means from 
triplicates. Means with the same coloured-letter are statistically identical 
(p<0.05) and error bars represent standard deviation. 
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Figure 3-6. The removal efficiency of Cu�+, N f ^ and Zn�+ by different amount of 
Uha lactuca. The experimental conditions: metal ions solution volume = 
50 mL, initial concentration of metal ions solution = 100 mg/L, metal 
ions solution initial pH = 5.0, incubation time = 60 min, shaking rate = 
200 rpm and temperature = 25�C. Data shown above represent means 
from triplicates. Means with the same coloured-letter are statistically 









g 7 0 - g 
1^  60 _ e _ _ . ^ " ^ ^ ^ " " " ^ ^ 
.9> ^ ^ 
I 5。- ^ - ^ " ^ ^ ^ f g 
Q 30 ^ y ^ ^ " “ “ " ^ Z - " " - " " " ^ """"^ cde c 
、 : : ^ ^ ^ ^ ^ ^ ^ ^ 
0 - a -
, —I 1 1 
0 50 100 150 200 
Weight of biomass (mg) 
Figure 3-7. The removal efficiency of Cu�+, Ni:+ and Zn�+ by different amount of 
Ulva sp. 3. The experimental conditions: metal ions solution volume = 50 
mL, initial concentration of metal ions solution = 100 mg/L, metal ions 
solution initial pH = 5.0, incubation time = 60 min, shaking rate = 200 
rpm and temperature = 25°C. Data shown above represent means from 
triplicates. Means with the same coloured-letter are statistically identical 
(p<0.05) and error bars represent standard deviation. 
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Figure 3-8. The removal efficiency of Cu!+，Ni�+ and Zn�+ by different amount of 
Sargassum siliquastrum. The experimental conditions: metal ions 
solution volume = 50 mL, initial concentration of metal ions solution = 
100 mg/L, metal ions solution initial pH = 5.0, incubation time = 60 min, 
shaking rate = 200 rpm and temperature = 25®C. Data shown above 
represent means from triplicates. Means with the same coloured-letter are 
statistically identical (p<0.05) and error bars represent standard deviation. 
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A 
identical RE could be found in lower biomass amount in most cases. 
The maximum metal ions RCs and REs by the four biomasses studied towards 
the three selected metal ions were summarized in Table 3-3 and Table 3-4. 
3.1.2 Selection of biomass 
When compared the RCs on the three selected metal ions by the three potential 
biosorbents, Ulva lactuca showed a higher RCs then the other two Ulva species. The 
three species showed a rough order of metal removal ability of Ulva lactuca > Ulva sp. 3 
> Ulva sp. 1. Exception was found in the biosorption of Zn�+, where Ulva sp. 1 showed a 
slightly higher removal capacity then Ulva sp. 3. The maximum Cu�+, Ni�+ and Zn�+ 
RCs for Ulva lactuca were 54.76, 19.29 and 43.55 mg/g respectively (Table 3-3). The 
maximum Cu】+，Np+ and Zn�+ REs for Ulva lactuca were 71.83，42.27 and 49.77% 
respectively (Table 3-4). Based on this result, Ulva lactuca was selected for further 
studies. 
3.2 Effect of pH 
The pH studied in this section ranged between pH 4.0 to 8.0 for Cu�+ and Ni�+ 
and pH 4.0 to 8.6 for Zn�+. Amount ofbiomass ranged between 20 to 120 mg with four 
intervals was used. 
3.2.1 Cu2+ 
If the effect of precipitation was not considered, the pH profile can be divided 
into four phases. Generally, when initial pH OpHi) < 4.0，the Cu!+ RC of Ulva lactuca 
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Table 3-3. Summary of maximum metal ions removal capacity of four selected 
seaweed species. 
Removal capacity *(mg metal ions/g biomass)" 
Metal ions “ Sargassum 
U l ^ sp. 1 Ulva lactuca Ulva sp. 3 siliquastrum 
Cu2+ 47.26tl.35 54.76±0.78 51.11+1.93 85.31±4.10 
Ni2+ 9.54±1.41 19.29±2.40 15.53±2.01 33.13±2.46 
. Zn2+ 34.00士3.59 43.55士1.23 30.53+1.48 50.68+5.53 
* Data represent means 士 standard deviations from triplicates. 
** Amount ofbiomass used may vary. 
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Table 3-4. Summary of maximum metal ions removal efficiency of four selected 
seaweed species. 
Removal efficiency*(%) 
Metal ions ~ 了 ； ； ~ ~ “ “ Sargassum~" 
Ulva sp. 1 Ulva lactuca Ulva sp. 3 siliquastrum 
Cu2+ 53.35+0.14 71.83土0.28 61.69土0.37 93.70土0.06 
NP+ 29.04+4.53 42.27±0.67 31.23士0.87 73.62土0.88 
Zn2+ 33.11士0.62 49.77iQ.6Q 41.67±0.24 80.05土0.23 
* Data represent means 土 standard deviations from triplicates. 
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stayed at a low level (Fig. 3-9 and Table 3-5). When pH increased, between pHj 5.0 to 
6.2，Cu2+ RC increased and remained in a steady level. In the range of pHj 6.2 to 6.8, 
Cu2+ RC increased rapidly followed by a level off when the range was beyond pHj 6.8 or 
above. 
However, if the effect of precipitation was considered, a different situation was 
found, although the first two phases were basically the same. Which means that when 
I 
pHi < 4.0, the Cu2+ RC of Uha lactuca stayed at a low level (Fig. 3-10 and Table 3-5). 
When pH increased, between pHi 5.0 to 6.2，the Cu!+ RC increased and remained in a 
steady level. Nevertheless, the Cu�+ RC increased slightly and reached the maximal 
between pHi 6.4 to 6.6. Then，instead of further increased, the removal capacity dropped 




The effect of pH was not as drastic as demonstrated in the biosorption of Cu�+ | 
and Zn2+. Generally, the Ni�+ RC remained in a relatively steady level though the pHj 
was increased (Fig. 3-11 and Table 3-6). The only exception happened when 20 mg 
Ulva lactuca was used, a significant decreased was found when the pH increased from 
pHi 7.0 to 8.0. 
3.2.3 Zn2+ 
Basically, the pattem of pH effect on Zn�+ adsorption by Ulva lactuca was 
similar to that of Cu�+. When the effect of precipitation was not considered, the Zn�+ RC 
remained at low level when pHi < 4.0. Between pHi 5.0 to 7.0，the Zn�+ RC increased 
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Figure 3-9. The removal capacity of Cu]+ by different amount of Ulva lactuca at 
different equilibrium pH without consideration of precipitation. The 
experimental conditions: volume of metal ions solution = 50 mL, initial 
concentration ofmetal ions solution = 100 mg/L, incubation time = 60 min, 
shaking rate = 200 rpm and temperature = 25®C. Symbols in different colour 
and shape represent different initial pH of metal ions solution. Data shown 
above represent means from triplicates. 
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Table 3-5. Summary of removal capacity of Cu�+ by different amount of Ulva 
lactuca biomass at different initial pH. 
Effect of precipitation not considered 
Biomass weight (mg) 
Initial 20 mg 40 mg 80 mg 120 mg 
pH Removal capacity (mg/g) 
~ ^ 0 37.45i0.73^ 35.02t0.40' 28.52+0.23' 2 3 . 0 6 1 0 . 1 5 ' “ 
5.0 49.83±1.44b 42.29±0.23^ 33.61+0.23^' 27.75±0.02^ • 
6.0 50.2316.58^ 43.4710.77^ 32.66t0.12^ 25.72±0.11' 
6.2 55.5112.45^' 47.05±0.86' 33.80i0.44^' 26.26+0.15' 
6.4 64.67±3.40' 49.00+1.17' 34.41±0.08' 26.40i0.06' 
6.6 126.9612.02^ 77.80i0.72^ 43.51±0.72^ 30.34+0.24^ 
6.8 212.51±3.66' 110.18±0.78' 52.74+1.40' 34.23i0.78' 
7.0 231.37±0.91^ 117.24il.l8^ 57.44t0.29^ 37.55i0.60^ 
7.5 245.89±1.04g 121.29±0.62^ 59.36t0.15^ 38.64±0.33® 
8.0 27Q.73±4.23^ 133.88+0.Q6^ 65.54+Q.30^ 42.3QtQ.33^ 
j 
Effect of precipitation considered | 
Biomass weight (mg) j 
Initial 20 mg 40 mg 80 mg 120 mg ！ 
pH Removal capacity (mg/g) ！ 
~"4^0 37.45+0.73'** 35.02±0.40' 28.52±0.23' 23.0610.15 '~" 
5.0 49.83±1.44^ 42.29±0.23^ 33.61+0.23^' 27.75i0.02^ 
6.0 50.2316.58^ 43.47±0.77^' 32.66±0.12^ 25.72±0.ir 
6.2 55.51±2.45^ 47.05+0.86' 33.80±0.44^' 26.26i0.15' 
6.4 64.67±3.40' 49.00il.l7^ 34.41±0.08^ 26.40±0.06' 
6.6 65.54i2.01' 46.69i0.58' 27.89±0.72' 19.95i0.22^ 
6.8 32.83±0.5ia 20.20±0.53^ 7.5811.36^ 4.20士0.8” 
7.0 22.10i0.20^ 11.73±0,10g 4.78f0.12' 2.41±0.64^ 
7.5 11.84±1.00' 4.4510.54^ 0.77t0.12^ Negligible 
8.0 Negligible Negligible Negligible Negligible 
* Data represent means 土 standard deviations from triplicates. 
** Means in the same letter in the same column are statistically identical (p<0.05) 
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Figure 3-10. The removal capacity of Cu�+ by different amount of Ulva lactuca at 
different equilibrium pH with consideration of precipitation. The 
experimental conditions: volume of metal ions solution = 50 mL, initial 
concentration ofmetal ions solution 二 100 mgfL, incubation time = 60 min, 
shaking rate = 200 rpm and temperature = 25�C. Symbols in different colour 
and shape represent different initial pH of metal ions solution. Data shown 





Table 3-6. Summary of removal capacity of NP+ by different amount of Ulva 
lactuca biomass at different initial pH. j 
I 
Biomass weight (mg) | 
IniJ^l 20 mg 40 mg 80 mg 120 mg | 
Removal capacity (mg/g) j 
“ 4 0 14.73±2.28"" 2L00±0.64" 18.49il.95' 14.32±0.04'^~ 
5.0 18.28i0.64' 19.29±2.40' 16.48i0.59' 16.38±2.42' 
6.0 14.47±0.98^^ 19.68±2.28" 17.66±0.37' 1 4 . 5 8 ± 0 . 3 4 ' ^ ； 
7.0 11.37+2.27^ 17.96il.l7ab 16.01士0.8产 13.28±0.50'^ j 
8.0 4.lOi:l.O4e 13.89±1.07^ 13.76±0.18b 13.23±0.78^ 
* Data represent means 土 standard deviations from triplicates. 
** Means in the same letter of the same column are statistically identical (p<0.05). 
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Figure3-ll . The removal capacity of Ni^^ by different amount of UIva lactuca at 
different equilibrium pH. The experimental conditions: volume of metal 
ions solution = 50 mL, initial concentration of metal ions solution = 100 
mgfL, incubation time = 60 min, shaking rate = 200 rpm and temperature = 
25®C. Symbols in different colour and shape represent different initial pH of 
metal ions solution. Data shown above represent means from triplicates. 
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2 十 _ _ 
and remained at a steady level. The there was a rapid increase of Zn RC between pHj 
7.6 to 8.0 and followed by a level off when the pH increased further beyond pHj 8.2 
(Fig. 3-12 and Table 3-7). 
If the effect of precipitation was considered, the situation is the same as if the 
effect is not considered when pHj < 7.0 (Fig. 3-13 and Table 3-7). However, the 
maximum Zn!+ R � w a s reached when it was reached pHj 7.6. Further increased in pH 
results in reduction of Zn^^ RC and the minimal was reached. 
3.2.4 Determination of optimal condition for biosorption of Cu�+, Ni�+ and Zn�+ by 
Ulva lactuca 
The optimal conditions concerned the amount of biomass used and pHj metal 
ions solution were determined based on the results of Section 3.2 (i.e. Cu�+: 20 mg and 
pHi 6.6; Ni2+: 40 mg and pHi = 4.0; Zn�+: 20 mg and pHj = 7.6). However, in order to 
have a common background for comparison of removal capacity of the three selected 
metal ions, a set of selected conditions was chosen for further studies instead of the 
optimal conditions determined. Both sets of the condition were given with their 
corresponding removal capacity as in Table 3-8. 
3.3 Effect of retention time 
From this part of the study, it was found that the kinetic profile ofbiosorption of 
Cu2+, Ni2+ and Zn�+ by Ulva lactuca could be divided into two major phases. The first 
phase was a rapid phase. The removal efficiency of the selected metal ions reached the 
maximal within 2 minutes after the biosorption started (Fig. 3-14). Once the maximal 
was reached, the Cu^^ RE remained relatively steady throughout the 2 hours 
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Figure 3-12. The removal capacity of Zn�+ by different amount of UIva lactuca at 
different equilibrium pH without consideration of precipitation. The 
experimental conditions: volume of metal ions solution = 50 mL, initial 
concentration ofmetal ions solution = 100 mg|L, incubation time = 60 min, 
shaking rate = 200 rpm and temperature =25¾. Symbols in different colour 
and shape represent different initial pH of metal ions solution. Data shown 
above represent means from triplicates. 
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Table 3-7. Summary of removal capacity of Zn2+ by different amount of Ulva 
lactuca biomass at different initial pH. 
Effect of precipitation not considered 
Biomass weight (mg) 
Initial 20mg 40mg 80mg 120mg 
pH Removal capacity (mg/g)* 
4.0 23. 98±2. 70a** 22.03±2.72a 18.56±0.26a 15.40±0.10a 
5.0 36.85±0.61 b 30.11±0.34b 22.49±0.47b 18.04±0.10b 
6.0 32.39±1.77b 28.32±1.54b 23.01±0.36b 18.37±0.36b 
7.0 33.67±2.58b 28.99±1.38b 23 .29±0.33 b 18.58±0.35b 
7.6 49.54±0.86c 38.46±0.39c 27.10±0.60c 19.54±0.86c 
7.8 52.48±4.63c 42.20±0.77c 28.94±0.13d 22.31±0.04d 
8.0 126.97±0.45d 71.74±0.62d 38.69±0.70e 26.10±0.57e 
8.2 218.27±3.03e 109.52±1.55e 53.l3±0.73 f 34.96±0.59f 
8.4 199.67±2.93f 98.69±1.91 f 47.85±0.27g 31.54±0.40g 
8.6 226.41±4.25g 113.83±0.75g 56.27±0.14h 37.35±0.06h 
Effect of precipitation considered 
Biomass weight (m g) 
Initial 20mg 40mg 80mg 120 mg 
pH Removal capacity (mg/g)* 
4.0 23. 98±2. 70a** 22.03±2.72a 18.56±0.26a 15 .40±0.1 Oa 
5.0 36.85±0.61 b 30.11±0.34b 22.49±0.47b 18.04±0.10b 
6.0 32.39±1.77b 28.32±1.54b 23.01±0.36b 18.37±0.36b 
7.0 33.67±2.58b 28.99±1.38b 23.29±0.33b 18.58±0.35b 
7.6 49.54±0.86c 38.46±0.39c 27.10±0.60c 19.54±0.86c 
7.8 40.07±4.47d 35.92±0.81 c 25.81±O.l2c 22.31±O.04d 
8.0 46.12±0.81 c 30.94±0.63b 18.l2±0.64a 12.40±0.54e 
8.2 33.17±0.29b 16.68±0.88d 6.86±0.79d 4.09±0.56 f 
8.4 7.82±1.07e 2.52±1.07e Negligible Negligible 
8.6 Negligible Negligible Negligible Negligible 
* Data represent means ± standard deviations from triplicates. 
** Means in the same letter of the same column are statistically identical (p<O.05). 
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Figure3-13. The removal capacity of Zn�+ by different amount of Ulva lactuca at 
different equilibrium pH with consideration of precipitation. The 
experimental conditions: volume of metal ions solution = 50 mL, initial 
concentration ofmetal ions solution = 100 mgyT^ , incubation time = 60 min, 
shaking rate = 200 rpm and temperature = 25°C. Symbols in different colour 
and shape represent different initial pH of metal ions solution. Data shown 
above represent means from triplicates. 
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Table 3-8. Comparison of optimal and selected conditions on the removal capacity 
of Cu2+, Ni2+ and Zn�+ by Ulva lactuca. 
Optimal condition Selected condition 
Metal ~ — 
Ions w S r g g ) PH, RC(.g/g)- w S r : PH, RC( .g /g ) ' 丨 
Cu2+ 20 6.6 65.54±2.01 40 5.0 42.29±0.23 | 
N P 40 4.0 21.00±0.64 40 5.0 19.29±2.40 \ 
Zn2+ ^ 7.6 49.54±0.86 40 5.0 3Q.11±0.34 ; 
•Data represent means 士 standard deviations from triplicates. j 
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Figure 3-14. The kinetics of removal efficiency of Cu:+, Ni�+ and Zn�+ by Ulva 
lactuca. The experimental conditions: biomass to metal ions solution 
ratio = 160 mg:200 mL, initial concentration of metal ions solution = 100 
mgfL, metal ions solution initial pH = 5.0, shaking rate = 200 rpm and 
temperature = 25®C. Data above represent from triplicates. Means with 
the same coloured-letter are statistically identical (p<0.05) and error bars 
represent standard deviation. 
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study period (Fig. 3-14). For Ni�+ and Zn�+, there was a slight reduction in RE after 
reaching the maximal (Fig. 3-14). Based on this section of study, the maximum RE 
obtained for Cu�+, >tf+ and Zn�+ are 32.43，16.69 and 26.19% respectively. The 
incubation time for the following sections were reduced to 30 minutes based on the 
results obtained in this section. 
« 
3.4 Effect of metal ions concentration 
) i 
3.4.1 Relationship of RC with initial concentration of metal ions : 
From Fig.3-15, it was found that the initial concentration of metal ions has a 
significant effect on RC of the selected metal ions. Generally, the metal RCs increased 
rapidly in lower extremities of initial concentration. Then the increase was leveled off 
‘ i' 
when metal ions concentration further increased. This situation was better exemplified |j 
:i 
in the cases for Cu�+ and Zn:+ while a slight fluctuation occurred in the case ofNi�+. 
* 
1 I 
3.4.2 Langmuir adsorption isotherm 
Langmuir adsorption isotherms of Cu�+，Ni�+ and Zn�+ of concentration ranged 
from 10 to 300 mg/L by Ulva lactuca were determined and shown in Figs. 3-16 to 3-17 
The equations of this isotherm on mass basis for Cu]+, Ni�+ and Zn�+ are respectively 
given as: 
- = 0.0192Ce + 0.3197 (Cu�+) qe 
- = 0.0359C. + 1.3769 (Ni^^) 
qe 
—=0.0202Ce + 0.5703 (Zn�+) qe 
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Figure3-15. The relationship of removal capacity and initial concentration on 
biosorption of Cu�+, Ni�+ and Zn�+ by Ulva lactuca. The experimental 
conditions: biomass to metal ions solution ratio = 0.04 g:50 mL, metal 
ions solution initial pH = 5.0, incubation time = 30 min, shaking rate = 
200 rpm, and temperature = 25®C. Data shown above represent means 
from triplicates and error bars represent standard deviation. Means with 
the same coloured-letter are statistically identical (p<0.05) and error bars 
represent standard deviation. 
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• Cu2+: CeA/e = 0.0192 Ce + 0.3197. r^  = 0.9918 
• Nj2+: Ce/Qe = 0.0359 Ce + 1,3769, r^  = 0.8527 
• Zn2+: Ce/Qe = 0.0202 Ce + 0.5703, r^  = 0.9961 
:1 r ^ : 
i � _ .. ^ / ： 
t f ^ 1 1 1 r- 1 " “ ‘ 
0 50 100 150 200 250 300 350 
C e 
Figure 3-16. Langmuir adsorption isotherm (mass basis) of Cu】+，Ni�+ and Zn!: by 
Uiva lactuca. The experimental conditions: biomass to metal ions 
solution ratio = 40 mg:50 mL, metal ions solution initial pH = 5.0， 
incubation time = 30 min, shaking rate = 200 rpm, and temperature = 
25°C. Data shown above represent means from triplicates and error bars 
represent standard deviation. 
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# Cu2+: Ce/Qe = 1 -2217 Ce + 0.3197, r^ = 0.9918 
I Nj2+: Ce/qe = 2.0953 Ce + 1.3486，r^ = 0.8684 
丁 Zn2+: Ce/Qe = 1.3206 Ce + 0.5705，r^ = 0.9961 
12] / ^ : 
10 - 工 y ^ 
, U ^ , i 1 1 ‘ ‘ j 
0 1 2 3 4 5 6 丨 
C e 
Figure 3-17. Langmuir adsorption isotherm (molar basis) of Cu�+, Ni�+ and Zn^^ by 
jjh/a lactuca. The experimental conditions: biomass to metal ions 
solution ratio = 40 mg:50 mL, metal ions solution initial pH = 5.0, 
incubation time = 30 min, shaking rate = 200 rpm, and temperature = 
25®C. Data shown above represent means from triplicates and error bars 
represent standard deviation. 
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The corresponding regression coefficient (r^) were 0.9918, 0.8527 and 0.9961 
for Cu2+，Ni2+ and Zn�+ respectively� 
The respective equations of the same isotherm on molar basis are given as: 
t l . 2 2 1 7 C e + 0.3197 (Cu]+) 
qe 
- = 2.0953Ce + 1.3486 (Ni^^) 
qe , 
- = 1.3206Ce + 0,5705 (Zn^^) ；： 
qe . 
J 
The corresponding regression coefficient (r^) were 0.9918, 0.8684 and 0.9961 for : 
I 
4' 
Cu2+, Ni2+ and Zn�+ respectively. 
» 
The corresponding maximum capacity {qmax) and affinity constant (b) for the 丨 
I； 






3.4.3 Freundlich adsorption isotherm ! 
Freundlich adsorption isotherms of Cu�+, Ni:+ and Zn�+ of concentration ranged 
from 10 to 300 mg/L by Ulva lactuca were determined and shown in Figs. 3-18 to 3-19. 
The equations of the this isotherm on mass basis given as: 
\nqe= 0.35361nQ+2.0894 (Cu^+) 
ln%= 0.24861nQ+1.7831 O^i�+) 
Xnqe= 0.4412lnQ+1.5357 (Zn!+) 
The corresponding regression coefficient (r^) were 0.9581, 0.7139 and 0.9616 for 
Cu2+, Ni2+ and Zn:+ respectively. 
The respective equations of the same isotherm on molar basis are given as: 
ln%= 0.35351nQ-0.5853 (Cu�+) 
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Table 3-9. Summary of Langmuir and Freundlich isotherms for adsorption of Cu】+， 
Ni2+ and Zn^^by Ulva lactuca. 
Mass basis 
* 
Metal Langmuir isotherm Freundlich isotherm 
i�ns qmaAmg/g) b (L/mg) r^  k 1/n t" 丨 
Cu2+ 52.08 0.0601 0.9918 8.1531 0.3536 0.9581 ； 
NP+ 27.86 0.0261 0.8527 5.9483 0.2486 0.7139 
i Zn2+ 49.51 0.0354 0.9961 4.6446 0.4412 0.9616 




Molar basis | 
, Langmuir isotherm Freundlich isotherm « 
Metal — — ； 
ions ^rna. b 2^ k lM x' ！ (mmol/g) (L/mmol) i 
Cu2+ 0.8185 3.8212 0.9918 0.5569 0.3537 0.9580 | 
Ni2+ 0.4773 1.5557 0.8684 0.2789 0.2487 0.7142 
Zn2+ 0.7572 2.3148 0.9961 0.4491 0.4414 0.9618 
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J L - Cu2+: In Qe = 0.3536 In Ce + 2.0984，r^ = 0.9581 
_ £ _ Ni2+: In qe = 0.2486 In Ce + 1.7831，r^ = 0.7139 
— Z n 2 + : In qe = 0.4412 In Ce + 1.5357, r^  = 0.9616 
5 j 
i ^ i 
'i 
»i 
1 1 1 T— 1 •" ‘ ！ 
0 1 2 3 4 5 6 7 j 
In Ce 
Figure 3-18. Freundlich adsorption isotherm (mass basis) of Cu!+, N?^ and Z n � : by 
Ulva lactuca. The experimental conditions: biomass to metal ions 
solution ratio = 40 mg:50 mL, metal ions solution initial pH = 5.0, 
incubation time = 30 min, shaking rate = 200 rpm, and temperature = 
25®C. Data shown above represent means from triplicates and error bars 
represent standard deviation. 
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Jf_ Cu2+: In Qe = 0.3535 In Ce - 0.5853. r^  = 0.9580 
^ r Ni2+: In Qe = 0.2487 In Ce-1.2769，r^ = 0.7142 
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Figure 3-19. Freundlich adsorption isotherm (molar basis) of Cu!+, Ni�+ and Z n � : by 
Ulva lactuca. The experimental conditions: biomass to metal ions 
solution ratio = 40 mg:50 mL, metal ions solution initial pH = 5.0, 
incubation time = 30 min, shaking rate = 200 rpm, and temperature 二 
25®C. Data shown above represent means from triplicates and error bars 
represent standard deviation. 
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\nqe= 0.24871nQ-1.2769 (Ni^^) 
lnqe= 0.44171nC,-0.8004 (Zn�+) 
The corresponding regression coefficient (r^) were 0.9580, 0.7142 and 0.9618 for 
Cu2+, Ni2+ and Zn^^respectively. 
The corresponding adsorbent capacity (k) and intensity of adsorption isotherm 




:丨 3.5 Effect of mix-cations and mix-anions on the removal capacity of \ 
\ 
selected metal ions by Ulva lactuca 
} i 
3.5.1 Effect of mix-cations ？ 
i 
The presence of selected concentration of Cr^^ did not have statistically | 
I 
significant impact on the Cu^^ RC (Fig. 3-20). However, the presence of selected 1 
— 
concentration ofNi�+，Zn�+ and combination of the three extra cations (i.e. Np+, Zn�+ and \ 
) 
u 
Cr6+) contributed to a significant reduction on the Cu�+ RC (Fig. 3-20). When compared 
with the control, the reductions in Cu�+ RCs for the corresponding sets were up to 20.8, 
18.2 and 22.5% respectively. 
The presence ofselected concentration of Cu�+ and Zn?+ did not have statistically 
significant impact on Ni�+ RC (Fig. 3-21). On the contrary, Cr^^ and the combination of 
the three all showed statistically significant enhancement on Ni�+ RC. The enhancement 
inNi2+ R c was 40.1 and 41.8% respectively (Fig 3-21). 
The presence of selected concentration of Cu�+ and Cr^^ showed no statistically 
significant impact on Zn�+ RC by Ulva lactuca (Fig. 3-22). However, significant 
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_ _ _ Cij2+ (1 OOmg/L) + Zn:+ (18.3mg/L) 
B B Cu2+ (1 OOmg/L) + Cr®+ (14.4mg/L) 




Combination of Cu?+ and additional cations 
Figure 3-20. The effects of individual and combination of cations on removal capacity 
of Cu2+ by Ulva lactuca. The experimental conditions: biomass to metal 
ions solution ratio = 40 mg:50 mL, initial concentration of Cu�+ = 100 
mg/L, metal ions solution initial pH = 5.0, incubation time = 30 min, 
shaking rate = 200 rpm and temperature = 25°C. Data shown above 
represent means from triplicates. Bars with the same letter are statistically 
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• f7771 Nj2+ (1 OOmg/L) + Zn'" (18.3mg/L) 
wmmm Ni^ *(100mg/L) + Cr®+(14.4mg/L) 
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Combination of Ni^ ^ and additional cations 
Figure 3-21. The effects of individual and combination of cations on removal capacity 
ofNi2+ by Ulva lactuca. The experimental conditions: biomass to metal 
ions solution ratio = 40 mg:50 mL, initial concentration o f N i � + = 100 
mg/L, metal ions solution initial pH = 5.0, incubation time = 30 min, 
shaking rate = 200 rpm and temperature = 25°C. Data shown above 
represent means from triplicates. Bars with the same letter are statistically 
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Combination ofZr|2+ and additional cations 
Figure 3-22. The effects of individual and combination of cations on removal capacity 
of Zn2+ by Ulva lactuca. The experimental conditions: biomass to metal 
ion solution ratio = 40 mg:50 mL，initial concentration of Zn�+ = 100 
mg/L, metal ions solution initial pH = 5.0，incubation time = 30 min, 
shaking rate = 200 rpm and temperature = 25°C. Data shown above 
represent means from triplicates. Bars with the same letter are statistically 
identical (p<0.05) and error bars represent standard deviation. 
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and the combination of the three cations (i.e. Cu�+，NP and Cr^^). The reductions in 
Zn2+ RC were up to 15.2 and 20.3% respectively (Fig. 3-22). 
A summary of mix-cations effect on the three selected metal ions RCs of Ulva 
lactuca was given in Table 3-10. 
3.5.2 Effect of mix-anions 
) 
The presence of selected concentration of C1' and Cr2O7 “ showed no statistically 
！ 
I 
significant change on the Cu�+ RC (Fig. 3-23). However, the presence of selected : 
2 * 
concentration of SO4 '^ and the combination of the three extra anions (i.e. C1', SO4 “ and 
Cr2O72-) significantly reduced Cu�+ RC. When compared with the control, the i 
^ 
1 
reductions in Cu�+ RCs for the corresponding sets were up to 15.2 and 12.2% | 、 
respectively. 丨 
i The presence of selected concentration of S04^" showed no statistically ： 
1 significant change on Ni�+ RC (Fig. 3-24). On the other hand, the presence of selected ； 
concentration of C1", Cx2O1 '^ and the combination of the three anions (i.e. C1', SO4^ " and 
2 j 
Cr2O7 "^) contributed to a statistically significant enhancement of the Ni RC (Fig. 3-24). 
The enhancements were 17.2, 23.6 and 9.2 % respectively. 
/ x , 
No statistically significant difference was found on Zn RC in the presence of 
selected concentration ofCl" and Cr2O7 '^ (Fig. 3-25). However, the presence of selected 
concentration of SO4^ " and the combination of the three anions (i.e. C1', SO4^ " and 
Cr2O7 "^) contributed to a significant reduction (Fig. 3-25). The reductions in Zn�+ RC 
were up to 9.3 and 10.2% respectively. 
A summary of mix-anions effect on the three selected metal ions RCs of Ulva 
lactuca was given in Table 3-11 • 
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Table 3-10. Summary of mix-cation effect on the removal capacity of Cu�+, Ni�+ and 
Zn2+ by Ulva lactuca. 
Change in removal capacity ^  
Secondary cation Primary cation 
^ ^ ^ 
Cu2+ N.A, b Negligible Negligible 
Ni2+ Reduced N.A. reduced 
Zn2+ Reduced Negligible N.A. 
Cr6+ Negligible Enhanced negligible 
Combination of all Reduced Enhanced reduced 
secondary cations 
a. Change in removal capacity were based on the comparison of the corresponding control. Enhanced 
and reduced removal capacity implied the RCs are statistically (one way ANOVA, p<0.05) higher and 
lower than the corresponding control. Negligible implied the RCs are statistically identical with the 
control. 
b. N.A. = not applicable. 
c. Corresponding primary cation was absent in the combination of secondary cations. For example, only 




m Cu2+ (1 OOmg/L) + SO, (163.4mg/L) 
F777l Cu2+ (1 OOmg/L) + Cr (60.4mg/L) 
• • Cu2+ (1 OOmg/L) + CfzOy^ ' (29.9mg/L) 
^ M Cu2+ (1 OOmg/L) + S0/ (163.4mg/L) + Cl' (60.4mg/L) + Cr2O7^" (29.9mg/L) 
50 n 
_ 
Combination of Cu^+ and additional anions 
Figure 3-23. The effects of individual and combination of anions on removal capacity 
of Cu2+ by Ulva lactuca. The experimental conditions: biomass to metal 
ions solution ratio = 40 mg:50 mL, initial concentration of Cu�+ = 100 
mg/L, metal ions solution initial pH = 5.0, incubation time = 30 min， 
shaking rate = 200 rpm and temperature = 25°C. Data shown above 
represent means from triplicates. Bars with the same letter are statistically 
identical (p<0.05) and error bars represent standard deviation. 
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ZZZ1 Ni2+(100mg/L) 
1 ^ 1 Ni'"(100mg/L) + SO,(163.4mg/L) 
• Y y y j Nj2+ (1 OOmg/L) + Cl' (60.4mg/L) 
g _ g Nj2+ (1 OOmg/L) + CrjOy^ " (29.9mg/L) 
1 ^ ^ Ni2+(100mg/L) + S04^"(163.4mg/L) + Cr(60.4mg/L) + Cr2O7 '^(29.9mg/L) 
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Combination of Np^ and additional anions 
Figure 3-24. The effects of individual and combination of anions on removal capacity 
ofNi2+ by Ulva lactuca. The experimental conditions: biomass to metal 
ions solution ratio = 40 mg:50 mL, initial concentration o f N i � + = 100 
mg/L, metal ions solution initial pH = 5.0，incubation time = 30 min, 
shaking rate = 200 rpm and temperature = 250C. Data shown above 
represent means from triplicates. Bars with the same letter are statistically 
identical (p<0.05) and error bars represent standard deviation. 
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^ Zn-(100mg/L) 
M ^ Zn2+ (100mg/L) + S O , (163.4mg/L) 
^^^-^^ Zn2+ (1 OOmg/L) + Cr (60.4mg/L) 
™ ™ Zn2+ (100mg/L) + Cr2O7^ " (29.9mg/L) 
^ ™ Zn2+ (1 OOmg/L) + S04^ - (163.4mg/L) + Cr (60.4mg/L) + Cr2O7^ ' (29.9mg/L) 
50 n 
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Combination ofZr|2+ and additional anions 
Figure 3-25. The effects of individual and combination of cations on removal capacity 
of Zn2+ by Ulva lactuca. The experimental conditions: biomass to metal 
ions solution ratio = 40 mg:50 mL, initial concentration of Zn�+ = 100 
mg/L, metal ions solution initial pH = 5.0，incubation time = 30 min, 
shaking rate = 200 rpm and temperature = 25°C. Data shown above 
represent means from triplicates. Bars with the same letter are statistically 




Table 3-11. Summary of mix-anion effect on the removal capacity of Cu�+, Ni�+ and 
Zn2+ by Ulva lactuca. \ 
V 
Change in removal capacity ^ ‘ 
-i 
Secondary anion Primary cation 
Cu2+ Ni2+ Zn^" ； 
^ ~ ~ ~ ~ " ^ ^ ~ ~ ~ ~ ^ ^ ~ ~ ~ ~ " " ~ ~ ~ ^ ^ ~ ~ ~ ^ ^ ~ ~ ~ ^ ~ ~ ~ " ^ ^ ~ ~ " ~ ~ ~ ~ ^ ~ ~ ~ " ^ ~ ~ ~ ~ ^ ^ ~ ~ ~ ~ ~ ~ ~ ~ " ^ ~ ~ ~ ~ ~ ~ ~ ~ ~ I 
SO4 "^ Reduced Negligible reduced v 
I： j! 
Cr Negligible Enhanced negligible '' 
•‘ 
Cr2O7 "^ Negligible Enhanced negligible 丨 
Combinationofall Reduced Enhanced reduced 
secondary anion 
a. Change in removal capacity (RC) were based on the comparison of the corresponding control. 
Enhanced and reduced removal capacity implied the RCs are statistically (one way ANOVA, p<0.05) 
higher and lower than the corresponding control. Negligible implied the RCs are statistically identical 
with the control. 
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3.6 Recovery of adsorbed metal ions from Ulva lactuca (I): screening 
of suitable desorbing agents 
Various desorbing agents were tested in order to determine their efficiency in 
desorbing the adsorbed metal ions. The results were given as follows. 
3.6.1 Cu2+ 
Among all the desorbing agents tested, citric acid (CA, O.lM, pH3.74), thiourea ; 
^ 
(TU, O.lM, pH1.0), ethylenediaminetetra acetic acid (EDTA, O.lM, pH3.74) and 
sulphuric acid (H2SO4, O.lM, pH1.0) showed the highest recovery efficiencies (ReEs) on 
adsorbed Cu�+ (Fig. 3-26). The corresponding ReEs for these four agents were 98.92, 
99.57. 96.55 and 98.31% respectively. The numerical difference in the ReEs for these 
I 
four desorbing agents were statistically insignificant (one way ANOVA, p<0.05). ! 
< 




Six of the nine desorbing agents tested showed statistically identical recovery 
efficiency on N p after biosorption by Ulva lactuca (Fig. 3-28). The six desorbing 
agents included hydrochloric acid (HC1, O.lM, both pH 1.0 and 3,74), citric acid (CA, 
O.lM, pH 1.0), thiourea (TU, O.lM, pH 1.0)，sulphuric acid (H2SO4, O.lM，pH 1.0) and 
nitric acid (HNO3, O.lM, pH 1.0) and they showed better ReEs than the rest desorbing 
agents. The corresponding ReEs of these desorbing agents was 99.02，95.94, 95.48, 
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Figure 3-26. The recovery efficiency of Cu�+ by different desorbing agents. The 
experimental conditions: biomass to metal ions solution/desorbing agents 
ratio = 40 mg:50 mL, initial concentration of Cu:+ = 100 mg/L, Cu�+ 
initial pH = 5.0, incubation time of sorptionAiesorption = 30 min, shaking 
rate = 200 rpm and temperature = 25^C. Data shown above represent 
means from triplicates. Bars with the same letter are statistically identical 
(p<0.05) and error bars represent standard deviation. 
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Figure 3-27. The recovery efficiency of NP+ by different desorbing agents. The 
experimental conditions: biomass to metal ions solution/desorbing agents 
ratio = 40 mg:50 mL, initial concentration of Ni�+ = 100 mg/L, Cu + 
initial pH = 5.0, incubation time of sorptiorVdesorption = 30 min, shaking 
rate = 200 rpm and temperature = 25�C. Data shown above represent 
means from triplicates. Bars with the same letter are statistically identical 
(p<0.05) and error bars represent standard deviation. 
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(one way ANOVA, p<0.05). Thiourea (TU, O.lM, pH 3.74) showed the lowest 
percentage ofReE, which is only 22.99% (Fig. 3-27) 
3.6.3 Zn2+ 
Seven of the nine desorbing agents tested showed statistically identical ReEs on 
Zn2+ after biosorption by Ulva lactuca (Fig. 3-28). The seven desorbing agents included 
;i 
hydrochloric acid (HC1, O.lM, pH 1.0), citric acid (CA, O.lM, both pH 1.0 and 3.74), 
5 . 
i, 
thiourea (TU, 0.1M, pH 1.0)，Na2EDTA (EDTA, 0.1M, pH 3.74)，sulphuric acid (H2SO4, ；  
4 
O.lM, pH 1.0) and nitric acid (HNO3, O.lM, pH 1.0). The ReEs of these desorbing 
'i i 
agents were 87.95, 87.34, 87.62, 98.20, 84.73, 93.82 and 86.38% respectively and the 
numerical difference was statistically insignificant (one way ANOVA, p<0.05). , 
\ 
Thiourea (TU, O.lM, pH 3.74) again showed the lowest ReEs, which was only 21.01% 1, 
丨： 




3.7 Recovery of adsorbed metal ions from Ulva lactuca (II): multiple 
adsorption-desorption cycles of selected metal ions 
Based on the results from Section 3.6.1 to 3.6.3，it was found that not all the 
2+ • 2+ 
desorbing agents studied showed equal desorption performance towards Cu，Ni and 
Zn2+. Among the nine desorbing agents studied, only thiourea (O.lM, pH 1.0) and 
sulphuric acid (O.lM, pH 1.0) were commonly presented in the best performed group of 
desorbing agents among the metal ions studied (Table 3-12). Nevertheless, extensive 
pH adjustment was needed in order to obtain the designated pH in thiourea. Therefore, 
only sulphuric acid (O.lM, pH 1.0) was chosen for further study. 
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Figure 3-28. The recovery efficiency of Zn�+ by different desorbing agents. The 
experimental conditions: biomass to metal ions solution7desorbing agents 
ratio = 40 mg:50 mL, initial concentration of Zn?+ = 100 mg/L, Cu + 
initial pH = 5.0, incubation time of sorption/desorption = 30 min, shaking 
rate = 200 rpm and temperature = 25�C. Data shown above represent 
means from triplicates. Bars with the same letter are statistically identical 
(p<0.05) and error bars represent standard deviation. 
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Table 3-12. Comparison of the best desorbing agents for desorption of Cu , Ni and 
Zn2+ after biosorption by Ulva lactuca. 
) 
Desorbing agents Cu�+ Ni�+ Zn�+ ;! 
Hydrochloric acid (O.lM, pH 1.0) *a * � 
'i 
Hydrochloric acid (0.1M，pH 3.74) * 
Citricacid (O.lM, pH 1.0) * * ’ 
i 
Citric acid (O.lM, pH 3.74) * * 丨 
Thiourea (O.lM, pH 1.0) * * * 
I' 
Thiourea (O.lM, pH3.74) j 
EDTA (O.lM, pH 1.0) * * 
Sulphuric acid (O.lM, pH 1.0) * * * 
Nitric acid (O.lM, pH 3.74) * * 
a The presence ofthe asterisk ‘*，represent the desorbing agents showed the highest recovery efficiency 
for the corresponding desorbing agents with respect to the others. 
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When comparing the Cu^^ RC in three adsorption-desorption cycles, a drastic 
reduction was found after the first cycle. The Cu^^ RC by Ulva lactuca had dropped 
from 38.59 mg/g in the first cycle to 22.16 and 21.42 mg/g in the second and third cycles 
2+ 2+ 
respectively (Fig. 3-29). Similar situations were found in the cases of Ni and Zn . 
The Ni2+ RC by Ulva lactuca had dropped from 31.53 mg/g in the first cycle to 21.93 
and 19.88 mg/g in the second and third cycles respectively (Fig. 3-30). And the Zn�+ 
w 
RCs in the three adsorption-desorption cycles were 32.61, 21.91 and 20.52 mg/g j \' 
2 _ | _ 
respectively (Fig. 3-31). It was also found that the numerical difference of Cu RC in 
I 
the second and third cycles was statistically identical. The situation is the same in the 
i 
case of Ni2+ while a statistical difference was found in Zn�+ RC in all the three 
t 
adsorption-desorption cycles. 
When comparing ReEs of the three metal ions from Ulva lactuca in the three 
adsorption-desorption cycles, no significant difference was found in ReE of H2SO4 
I 
towards the three metal ions studied among the three cycles (Fig. 3-32). 
I 
3.8 Removal and recovery of selected metal ions from electroplating 
effluent by Ulva lactuca 
Concentrations of selected metal ions, anions and pH in the collected 
2+ • 2+ 
electroplating effluent were shown in Table 3-13. The concentration of Cu and Ni 
was much higher than that of Zn�+. The concentrations of Cu:+ and Ni�+ in the effluent 
sample fell in the range ofthat in Table 1-1，while that of Zn�+ was slightly below. In 
terms of anions, high concentration of SO4 "^ was found in the effluent sample while a 
significant amount of C1" and NO3^' was also present. The sample was relatively acidic 
(pH 二 2.2). 
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Fig. 3-33 showed the Cu】+，Ni�+ and Zn�+ RCs by Ulva lactuca in both artificial 
wastewater and industrial waste effluent. The RCs of the three metal ions were much 
lower in the case of industrial waste effluent than in the artificial wastewater. The Cu�+, 
Ni2+ and Zn:+ RCs by Ulva lactuca in the industrial waste effluent were 6.63, 7.09 and 
0.31 mg/g respectively. The Cu�+, Ni�+ and Zn�+ RCs were lower by 73.3，124.3 and 
164.5% respectively when comparing with the artificial waste water. The recovery 
capacities (ReCs) of the three metal ions were also much lower in the case of industrial 
waste effluent than in the artificial wastewater (Fig. 3-34). 
！ 
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Figure 3-29. Comparison of removal capacity and recovery capacity of Cu by Ulva 
lactuca at different adsorption-desorption cycles. The experimental 
conditions: biomass to metal ions solution/desorbing agents ratio = 40 
mg:50 mL, initial concentration of Cu�+ = 100 mg/L, Cu?+ initial pH = 
5.0, desorbing agents: O.lM sulphuric acid (H2SO4, pH 1.0), incubation 
time of sorptionMesorption = 30 min, shaking rate 二 200 rpm and 
temperature = 25�C. Data shown above represent means from triplicates. 
Bars with the same letter are statistically identical (p<0.05) and error bars 
represent standard deviation. Comparisons were performed on the same 
data set among different adsorption-desorption cycles only. 
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Figure 3-30. Comparison of removal capacity and recovery capacity of Np+ by Ulva 
lactuca at different adsorption-desorption cycles. The experimental 
conditions: biomass to metal ions solutionAiesorbing agents ratio = 40 
mg:50 mL, initial concentration o f N P = 100 mg/L, Ni�+ initial pH = 5.0, 
desorbing agents: O.lM sulphuric acid (H2SO4, pH 1.0)，incubation time 
of sorption/desorption = 30 min, shaking rate = 200 rpm and temperature 
=25®C. Data shown above represent means from triplicates. Bars with the 
same letter are statistically identical (p<0.05) and error bars represent 
standard deviation. Comparisons were performed on the same data set 
among different adsorption-desorption cycles only. 
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Figure 3-31. Comparison of removal capacity and recovery capacity of Zn^^ by Ulva 
lactuca at different adsorption-desorption cycles. The experimental 
conditions: biomass to metal ions solution/desorbing agents ratio = 40 
mg:50 mL, initial concentration of Zn:+ = 100 mg/L，Zn�+ initial pH = 
5.0, desorbing agents: O.lM sulphuric acid (H2SO4, pH 1.0), incubation 
time of sorption/desorption = 30 min, shaking rate = 200 rpm and 
temperature = 25°C. Data shown above represent means from triplicates. 
Bars with the same letter are statistically identical (p<0.05) and error bars 
represent standard deviation. Comparisons were performed on the same 
data set among different adsorption-desorption cycles only. 
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Figure 3-32. Comparison of recovery efficiency of Cu]+，Ni]+ and Zn�+ by Ulva 
lactuca at different adsorption-desorption cycles. The experimental 
conditions: biomass to metal ions solution/desorbing agents ratio = 40 
mg:50 mL, initial concentration of metal ions solution = 100 mg/L, metal 
ions solution initial pH = 5.0, desorbing agents: O.lM sulphuric acid 
(H2SO4, pH 1.0), incubation time of sorption/desorption = 30 min, 
shaking rate = 200 rpm and temperature = 25°C. Data shown above 
represent means from triplicates. Bars with the same letter are statistically 
identical (p<0.05) and error bars represent standard deviation. 




Table 3-13. Characteristics of electroplating effluent collected from final collecting 
tank in a local electroplating factory. 
f I 
Parameter Range ] 
Cu?+ 16.8i0.2 mg/V \ 
i 
NP+ 34.0i0.5 mg/L 
Zn2+ 1.5±O.Omg/L 
Cr 36.3±0.8 mg/L 
F' 0.1±0.0mg/L 
NO3' 14.0士0.2 mg/L 
S 0 / - 981.4i0.8mg/L 
pH 2.2 
a. Concentration represents the mean±standard deviation from three measurements of the effluent 
samples. 
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Figure 3-33. Comparison of removal capacity of Cu】+，N?+ and Zn�+ in artificial 
wastewater and industrial wastewater by Ulva lactuca. The experimental 
conditions: biomass to wastewater ratio = 40 mg:50 mL, wastewater 
initial pH = 5.0, desorbing agents: O.lM sulphuric _ _ (H2SO4, pH 1.0), 
incubation time of sorption/desorption =^  30 mW, sU9king rate = 200 rpm 
and temperature = 25®C. Data shown above represent means from 
triplicates. Bars with the same coloured-letter are statistically identical 
(p<0.05) and error bars represent standard deviation. Comparisons were 
performed on the same metal ions only. 
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Figure 3-34. Comparison of recovery capacity of Cu^^, N?^ and Zn^^ in artificial 
wastewater and industrial wastewater by Ulva lactuca. The experimental 
conditions: biomass to wastewater ratio = 40 mg:50 mL, wastewater 
initial pH = 5.0, desorbing agents: O.lM sulphuric acid (H2SO4, pH 1.0), 
incubation time of sorption/desorption = 30 min, shaking rate = 200 rpm 
and temperature = 25®C. Data shown above represent means from 
triplicates. Bars with the same coloured-letter are statistically identical 
(p<0.05) and error bars represent standard deviation. Comparisons were 
performed on the same metal ions only. 
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4. Discussion 
4.1 Effect of biomass weight and selection of biomass 
4.1.1 Effect of biomass weight 
Base on the data obtained from Section 3.1.1, it was found that when more 
biomass was added to the metal ion solution, the metal ion removal capacity (RC) was 
reduced. This situation was similar to other studies of metal ions biosorption with fungi 
(Fourest and Roux, 1992; Chandra et aL, 1998; A r i f f " al,, 1999) and bacteria (Puranik 
and Paknikar, 1999). 
Different reasons have been suggested on the effect of biomass weight on the 
removal capacity of metal ions by biosorption. It was suggested that higher metal ion 
RC at lower biomass weights could be due to an increased metal ions/biosorbent ratio 
(Puranik and Paknikar, 1999a). The reduction of the biosorbent concentration (i.e. 
increase in metal ions/biosorbent ratio in fixed concentration of metal ions) decreases 
the electrostatic interaction between cells, which in tum increases the metal ions 
adsorption rate. Moreover, increases in initial metal ionsA)iosorbent concentration ratio 
cause an increase in the number of metal ions available around the biosorbent, which 
enhance the binding of metal ions to the active sites of the biosorbent, as long as they are 
not saturated (Fourest and Roux, 1992; Ariff et al., 1999). 
Excess amount ofbiomass also contributed to interference between binding sites 
(de Rome and Gadd, 1987), which might reduce the affinity of the binding sites to metal 
ions. High biomass weight could make a ‘screen effect’ of the dense outer layer of cells, 
which protect the accessibility ofmetal ions to the binding sites (Pons and Fuste, 1993). 
This situation could also be intensified ifformation ofbiomass occurred, which reduced 




In this study, the effect ofbiomass weight was more significant on Cu and Zn 
RC. The change in RC was less significant for the biosorption ofNi�+. The Ni�+ RC for 
Ulva sp. 1 and Ulva sp. 3 with 10 mg biosorbent were neglected. It is because the 
difference between the initial and equilibrium concentration of the biosorption of Ni�+ 
for these two sets was too low which was beyond the detection limit of the atomic 
adsorption spectrophotometer used. 
The effect of biomass weight on metal ions removal efficiencies (REs) was more 
straightforward. At the lower extremities, RE would increase as biomass weight 
increased. It was because when more biomass was available, more binding sites were 
present in the metal ions solution. Therefore, more metal ions could be removed. 
However, the increase leveled off when biomass weight further increased. This 
phenomenon is likely to be contributed by the “steric effect" among the biomasses 
themselves, which hindered the contact between metal ions and the binding sites. As a 
reuslt, further increase in biomass weight could not enhance the metal ions RE. 
4.1.2 Selection of biomass 
Difference in metal ions RC was found among the seaweed species studied. 
Even among the three Ulva species, difference was found. This situation could be 
contributed by the difference on polysaccharide composition of cell wall among 
different species, both qualitatively and quantitatively. Since polysaccharides are the 
major constituent for adsorption of metal ions by seaweeds (Kuyucak and Volesky, 
1990)，difference in their polysaccharide composition would thus cause variation in the 
metal ions removal ability. Moreover, alginate was reported to play a significant role in 
metal ions removal by seaweeds (Kuyucak and Volesky, 1989a,b). Therefore, higher 
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metal ion removal capacity of the three selected metal ions by Sargassum siliquastrum 
than the three Ulva species is reasonable as brown algae (e.g. Sargassum spp.) are rich 
in alginate (McCandless, 1981) while it is absent in Ulva spp. 
Degree of metal ion pollution of the corresponding collection sites might also be 
a factor that contributed to the situation. Since bioaccumulation of metal ions occurs 
when the seaweed is grown at the collection sites, the binding sites for metal ions on the 
seaweed's surface would already be occupied, which in turn reduced the metal ions 
removal ability. Therefore, if the seaweed were collected from a more polluted site, its 
metal ions removal ability would be comparatively lower than those collected from a 
"clean" site 
It should be stressed that the above reasons are not exclusive. There may be 
more reasons for the difference in metal ion removal capacities of various seaweeds 
tested in the present study. In order to verify these two possible reasons, the profiles and 
levels of the concerned metal ions of the seaweed biomass after collection were 
determined (Table 8-2). Extremely low and non-detectable levels of concerned metal 
ions were found in these seaweed biomass. 
Although the metal ions RCs by Sargassum siliquastrum were higher than that of 
the three Ulva species, it was not chosen for further study. The rationale was mentioned 
in Section 1.2, most of the studies in using seaweed as biosorbent for metal ions removal 
confined in using brown algae, there are only few studies on the seaweeds ofthe class of 
green algae. Therefore, it is desirable to explore the potential of Ulva species (a major 
genus of green seaweed in Hong Kong). Moreover, most Sargassum species occur in 
the littoral and subtidal zone while most Ulva species grow in the middle to low 
intertidal zone. The collection oiSargassum siliquastrum is more difficult than that of 
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the Ulva species, which in turn will increase the cost in utilizing the seaweed as a 
biosorbent. Furthermore, the hard stipe of Sargassum siliquastrum would cause the 
milling of this algal biomass more difficult than that of the Ulva species, as the thallus of 
the latter is much more softer. Difficulty in processing is also unfavourable which 
implies addition in operational cost if the biomass is used in industrial scale application. 
Therefore, based on the above reasons, Ulva lactuca was chosen instead of Sargassum 
siliquastrum even though the later one have better metal ions RCs. 
4.2 Effect of pH 
Among all the physico-chemical factors, pH was reported to be one of the most 
important factors that affect the biosorption of metal ions. Numerous studies using 
different types of biosorbent reported that pH had a significant impact on metal ions 
biosorption (Holan et aL, 1993; Fourest et al., 1994; Leusch et al., 1996; Chandra S. et 
al., 1998; Mishra et al., 1998; Ahuja et al., 1999; Ariff et al., 1999; Matheickal et aL, 
1999). Generally, the importance of pH effect in biosorption of metal ion is contributed 
by its impact on the chemistry of the target metal ions and its influence on the status of 
binding sites. 
This study also found the effect of pH played a significant role in biosorption by 
Ulva lactuca, especially Cu�+ and Zn�+. Before discussing the impact of pH on this 
study, the term "effect of precipitation", as mentioned in Section 3.2, is defined first. 
For a known concentration of metal ions solution, the solubility of the metal ions is 
dependent on the pH of the solution. Beyond certain critical pH, the metal ions would 
become insoluble due to the formation of precipitates. That means the concentration of 
metal ions in the solution is reduced through the loss as precipitates. Moreover, the 
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degree of precipitation is generally positively related with the pH of the solution, i.e. 
when pH increases, precipitation increases. Therefore the available metal ions subject to 
biosorption is also reduced as pH increases, as the precipitates are virtually not 
adsorbable by the biosorbent. 
In this study, the metal ion solution was first prepared to the designated 
concentration (i.e. 100 mg/L). Then, pH was adjusted to the designated value by 
i 
addition of HC1 and NaOH. If the pH is beyond the critical value of the corresponding 
metal ions, precipitation of metal ions occurred. When the effect of precipitation was 
considered, it means that the loss of metal ions through precipitation was considered. 
Therefore, the initial concentration of metal ions subject to biosorption was less then the 
original as of the metal solution was prepared (i.e. <100 mg/L). In case if the effect of 
precipitation is not considered, it means that the loss metal ions through precipitation is 
not considered. The original concentration of the solution was arbitrarily assumed equal 
to the concentration upon the preparation of the metal solution and before the pH was 
adjusted (i.e. 100 mg/L). 
From the point of view of metal ions chemistry as a function of pH value in the 
solution, the change in Cu�+ and Zn]+ RC can be explained collectively since a similar 
profile of change was found. When pHj < 4.0，the metal ions RCs remained at a low 
level. This situation may be due to the competition of binding sites between metal ions 
and hydrogen ions (H+) (Chandra et al., 1998; Mishra et al., 1998). Therefore, the 
adsorption of metal ions on the biomass was reduced. The RC of both metal ions was 
improved when pHi was raised (pHi 5.0 to 6.2 for Cu�+ and pHj 5.0 to 7.0 for Zn�+). It 
was because the concentration of H+ was reducing in this range of pH, therefore the 
competition of binding sites between metal ions and hydrogen ions was also reducing 
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and thus enhance the adsorption of metal ions. It should be noted that since the 
precipitation of these two ions did not occur in these range of pH, therefore, whether the 
effect of precipitation is considered or not, the profile of pH effect is the same up to this 
point. 
However, when precipitation occurred (pH > 6.6 for Cu�+ and pH > 7.8 for Zn�+), 
the pH profiles were different. If the effect of precipitation was considered, the RCs for 
both metal ions were found increased rapidly beyond the pH which precipitation started. 
2+ 
The drastic reduction of metal ions then contributed to a numerical increase in Cu and 
Zn2+ RCs. However, the rapid loss of metal ions was not contributed by biosorption 
solely. In fact, most metal ions were removed in the formation of precipitates instead of 
being adsorbed by Ulva lactuca. Therefore, the 'RC' determined could not accurately 
reflect the adsorption of metal ions by Ulva lactuca. 
If the effect of precipitation was considered, the RC increased slightly when 
precipitation just started. The slight increase was due to the removal of a small portion 
ofCu2+ or Zn2+ through precipitation. Therefore, the interference among metal ions were 
reduced and thus enhanced the biosorption of metal ions. However, when pH of the 
solution further increased, the soluble metal ions in the solutions reduced rapidly due to 
the formation of precipitation. Therefore, the amount of metal ions that available for 
biosorption was reduced drastically when pH increased further. As a result, Cu�+ and 
Zn2+ RC were reduced to a very low level. The RC is even not detectable if pH further 
increased since virtually all Cu�+ and Zn?+ were precipitated, therefore, no metal ions 
can be removed since metal precipitates cannot be adsorbed by biomass. 
For NP+，precipitation did not occur in the pH range studied. The RC of pHj = 
4.0 and pHi = 5.0 was statistically identical for all the cases studied. It can be concluded 
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that the competition of H+ with Np+ at pHj = 4.0 was not as obvious as in the case of 
Cu2+ and Zn:+. However, Ni�+ RC was reduced drastically when pHj = 8.0. The 
situation may be due to the increase in hydroxide ions (OH") in the solution, which led to 
a competition of metal ions between OH' and the binding sites on the biomass. 
pH also affects the status of binding sites on the biomass surface. Generally, it is 
believed that at lower pH, more binding sites are protonated (i.e. occupied by H+) (Ahuja 
et al., 1999; Lau et al., 1999). Therefore these binding sites are less available for 
adsorption of metal ions. Also, the high concentration ofH+ contributed to the repulsion 
with metal ions (Matheickal et aL, 1999). Therefore, metal ions RC would remain at a 
low level at lower pH. However, when pH increased, less sites are protonated, 
therefore, the sites are more likely to adsorb metal ions. Also, increase in pH would 
enhance the surface negative charges (Delgado et al., 1998). As a result, the RC of 
metal ions would be increased as pH increased, at least up to certain extent. 
4.3 Effect of retention time 
In this study, the kinetic of metal ions biosorption by Ulva lactuca could be 
divided into two phases, which was a fast initial phase and followed by a slow secondary 
phase. Similar kinetic profile was reported in biosorption of metal ions by algae (da 
Costa et al., 1996; Yu and Kaewsarn, 1999) and bacteria (Sar et al., 1999). 
The change in metal ions REs during the kinetic study can be explained as 
follows. Once the biosorption process started, the uptake of metal ions was rapid. It 
was because most ofthe binding sites on the biosorbent are available for biosorption of 
metal ions before the contact with metal ions. Therefore the uptake of metal ions is fast 
and result in a rapid increase in RE within a short period of time. This phase is usually 
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termed as physical sorption, which can be categorized as extracellular sorption or 
surface binding (Ariff et al., 1999). 
However, as time increases, the rate of increase in RE reduced and stabilized for 
the rest of the study period. The second phase of metal sorption is chemical sorption or 
chemisorption. This phase needs relatively high energy to adsorb metals into the cell 
interior can thus the rate is relatively lower (Ariff et al., 1999). This phenomenon is 
probably due to the rapid reduction of available binding sites as they are already 
occupied upon the first contact with metal ions. Also the occupancy ofmetal ions on the 
binding sites could result in reduction of driving force for transportation of metal ions to 
the binding sites, so as to interfere the binding by mechanisms like steric hinderance. 
Thus, for thereafter, the RE would become relatively steady and reach equilibrium, as 
demonstrated in the case of Cu?+ biosorption by Ulva lactuca. On the other hand, there 
was a slight reduction in RE in the case ofNi�+ and Zn:+. The possible explanation may 
be due to the reintroduction of loosely adsorbed metal ions into the solution, which 
cause the Ni�+ and Zn:+ concentration increased slightly. As a result, there was a slight 
reduction o fRE in these two cases. 
The biphasic adsorption of metal ions was also suggested to be a hint that reflects 
the non-homogeneity of algae surface, which means the biosorbent surface contains a 
variety of functional groups. The phenomenon reflects that the groups that serve as 
adsorption sites may differ both with respect to the strength of metal uptake ability and 
the rate ofadsorption on to the sites (Matheickal et al., 1999) 
Based on the result obtained, the incubation time for the following sections of 
study was reduced from 60 to 30 minutes, which the REs in these two time intervals 
were statistically identical for the three metal ions studied. The rapid uptake of metal 
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ions by biosorbent is in fact highly desirable since it can provide a short 
effluent/biosorbent contact time in the actual process (Sag and Kutsal, 2000), which 
enhances the treatment process efficiency. Therefore, the turn over of the treatment 
system could be enhanced, which is an important economic consideration. 
4.4 Effect of metal ions concentration 
4.4.1 Relationship of RCs with initial concentration of metal ions 
The effect of initial metal ions concentration was generally consistent among the 
three metal ions studied, though a slight fluctuation was found in the case o f N p . The 
relation of selected metal ions RCs with the initial concentration of the metal ions is 
simple. At the lower extremities of metal ion concentration, metal ions RCs increased 
rapidly as metal ion concentration increased. This situation was due to the availability 
of more metal ions that are subject to the adsorption from the biomass. However, the 
increase in metal ions RCs leveled off when metal ions concentration further increased. 
It was because the amount of biomass used was fixed, further increase in metal ions 
concentration caused saturation of the binding sites on the biomass. Therefore, the 
increase in metal ions RCs leveled off. 
4.4.2 Langmuir adsorption isotherm 
Based on the Langmuir adsorption isotherm, two parameters were obtained to 
characterize the biosorption pattern of Cu:+，Ni:+ and Zn�+，i.e. affinity constant (b) and 
maximum adsorption capacity (qmax)-
Comparison of the affinity constant is reflective towards the relative binding 
tendency ofthe metal ions. Larger value of affinity constant implies a stronger bonding 
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of the metal ions (Sag and Kutsal, 2000). Therefore, the binding affinity by Ulva 
lactuca towards the selected ions was in the order of Cu�+ > Zn�+ > Ni:+. Also at fixed 
temperature and fixed value of equilibrium concentration (Q), larger value of the 
affinity constant reflects a greater fractional surface coverage of the biosorbent. 
The maximum adsorption capacity reflects the total amount of metal ions that 
can be adsorbed by the biosorbent in monolayer. It is self-explanatory that the higher 
the value the qmax is, the more metal ions that can be adsorbed by the biosorbent. Thus, 
maximum amount of metal ions that can be adsorbed by Ulva lactuca is in the order of 
Cu2+ > Zn2+ > Ni2+. Based on the comparison of b and qmax determined by the Langmuir 
isotherm, it was found that the relative adsorption of metal ions is consistent with that as 
determined in previous sections. 
2+ 2+ 
Due to the high regression coefficient obtained, the adsorptions of Cu and Zn 
by Ulva lactuca was fit in the Langmuir isotherm slightly better than in the Freundlich 
isotherm. Hence, based on the assumption of the models, the adsorption phenomenon of 
these two metal ions by Ulva lactuca can be described as, though not definite, 
monolayer layer adsorption. On the other hand, Langmuir isotherm was not suitable for 
describing the adsorption phenomenon of NP+ by Ulva lactuca as the regression 
coefficient obtained was relatively low. 
4.4.3 Freundlich adsorption isotherm 
Based on the Freundlich adsorption isotherm, two parameters were obtained 
characterize ofthe biosorption of Cu�+, >tf + and Zn^^, i.e. adsorption intensity {Hn) and 
adsorbent capacity {k). 
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If \/n < 1，then the adsorption is accounted to be favourable (Sag and Kutsal, 
2000)，which was found in the case of Cu�+ and Zn�+. By taking reciprocal of the 
adsorption intensity, the n value was obtained (approximately 2.83 for Cu^^ and 2.27 for 
Zn2+). It was suggested that when n>l, force between the adsorbed molecules are 
repulsive. Thus, it might also be an explanation for the reduction in adsorption ofthese 
ions when equilibrium was reached as demonstrated in the study of kinetic profile. 
Moreover, an adsorption system is more heterogeneous when the n value is closer to 
zero. Therefore, based on the experimental data obtained, the biosorption of Zn�+ by 
Ulva lactuca is more heterogeneous than that of Cu�+. This is also reflected by the 
relatively higher regression coefficient in Zn�+ than Cu�+, which means that the 
biosorption ofZn�+ is relatively better described by a heterogeneous adsorption model. 
The adsorptive capacity {k) reflects the relative amount of metal ions that can be 
adsorbed by the biosorbent. By comparing the k obtained, the relative amount of Cu]+ 
that can be adsorbed by Ulva lactuca was higher than Zn�+ under the same condition. 
Again, this was consistent with the findings in previous sections and the results of 
Langmuir adsorption isotherm. Since the regression coefficient obtained in the 
/ N | 
Freundlich adsorption was relatively low, the accountability o f N i adsorption by Ulva 
lactuca by Freundlich adsorption isotherm was low and hence no judgement was given 
in this case. 
4.4.4 Insights from the isotherms study 
For the biosorption of Cu�+ and Zri^ by Ulva lactuca, both Langmuir and 
Freundlich adsorption isotherms were found to be well fitted, though slightly better in 
the case for Langmuir adsorption. Therefore, the biosorption of these two metal ions 
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should be characterized as a monolayer biosorption. However, due to the mutually well 
fitted situation, no definite conclusion upon the homogeneity or heterogeneity of the 
systems can be made based on the current study. In order words, both situation might 
occur for the biosorption of Cu�+ and Zn�+. In fact, most of the studies on biosorption of 
metal ions used one of the adsorption isotherms to describe the adsorption phenomenon, 
which might be due to the relative better fitted situation for one isotherm over another 
one. The situation that was found in this study is relative rare. 
For the case ofNi】+，both Langmuir and Freundlich adsorption isotherm were not 
good-fitted. Therefore, the adsorption phenomenon cannot be described as either 
monolayer homogeneous or monolayer heterogeneous adsorption system. In fact, apart 
from adsorption, other mechanisms were suggested for describing metal ions 
biosorption. For example, ion exchange process was suggested to play an important role 
in biosorption of metal ions. Equilibrium model based on ion-exchange mechanisms 
was suggested as alternative for conventional adsorption isotherm (Kratochvil and 
Volesky, 1998). In order to reveal the mechanisms ofbiosorption of metal ions by Ulva 
• *2+ 
lactuca, more studies are needed, especially in the case ofNi . 
Based on the comparison of affinity constant {b) of Langmuir adsorption 
isotherm and adsorption intensity (l/n) of Freundlich adsorption isotherm, it could 
generally observed that the adsorption affinity of the three selected metal ions was in the 
order of Cu�+ > Zn�+ > Ni�+. Same order of metal ions selectivity was found in the study 
using living cells of Chlorella vulgaris (Nakajima et al, 1982) and products of 
chitiny'chitosan (Tsui, 2000). 
Different arguments were made in strive for the relative adsorption affinity of 
metal ions by biosorbent. However, these previous arguments seem not to be applicable 
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to this study, so as the cases ofNakajima et al. (1982) and Tsui (2000). For example, 
Irving and Williams (1948) suggested that the stability complexes of bivalent ions 
follow the order of Pb�+ > Cu�+ > Ni�+ > Co!+�^^2+ > cd�+ > Fe�+ > Mn�+ > Mg�+. 
Rothstein and Hayes (1956) suggested the capacity of metal ions adsorption to cell wall 
on soft (i.e. N- and S-containing) ligands is in the order of Cu�+ > Ni�+ > Co]+ > Zn�+ > 
Co2+. Thus, both reasons are not applicable to the phenomenon observed in the current 
study which showed the order of Cu�+ > Zn�+ > Ni�+. Other arguments that based on 
ionic radii and electronegativity also failed to explain the relative affinity sequence 
found in this study. In fact, the relative affinity of metal ions often varies among 
different types of biomass. The physical properties of the metal ions themselves cannot 
explain the difference in affinity universally. Thus the variation of composition of 
biomass may be a significant factor that contributed to the difference in affinity ofmetal 
ions. 
4.5 Effect of mix-cations and mix-anions on the removal capacity of 
selected metal ions by Ulva lactuca 
4.5.1 Effect of mix-cations 
Based on the result obtained in Section 3.5, the effect of additional cations on 
Cu2+, Ni2+ and Zn�+ RCs by Ulva lactuca could be arbitrarily classified into three 
categories, i.e. reduced, enhanced and negligible. 
Reduction of RC was found in the case of Cu�+ with addition of selected 
concentration o f N P , Zn�+ and combination ofNi�+, Zn�+ and C P . Similar result was 
also found in the case of Zn�+ with addition of selected concentration of Ni�+ and 
combination ofCu�+, Ni�+ and Cr^ .^ The antagonistic effect occurred in the presence of 
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additional cations on Cu�+ and Zn�+ RCs by Ulva lactuca may be due to the competition 
of common adsorption sites (Ahuja et aL, 1999; Lau et al., 1999). Moreover, the 
presence of additional metal ions may contribute to steric and electrostatic effect among 
the metal ions and thus resulted in reduction of RC (Ahuja et al,, 1999). It was also 
found that selected concentration o f N i � + (40.7 mg/L) and Zn�+ (18.3 mg/L) exhibited 
the same extent of effect on Cu�+ RC of Ulva lactuca. In other words, the concentration 
ofNi2+ needed to be much higher than Zn�+ (approximately two times) in order to bring 
the same effect on Cu�+ RC. These results suggested that the binding affinity for Zn^+ 
was relatively higher than that of Ni�+. This result was also consistent with previous 
sections of this study. 
On the contrary, selected concentration of Cu�+ did not show significant effect on 
Zn2+. In fact the Cu�+ concentration in this case was only 3.5 mg/L, the lack of effect 
was likely due to the non-significant amount of Cu�+ when comparing with the primary 
Zn2+, which is 100 mg/L. Similar explanation could also be applied to explain the 
insignificant effect of selected concentration of Cu�+ and Zn�+ on Ni:+ RC. For the 
situation of N P , the lack of interference might also be attributed by the possible 
different sorption mechanisms when comparing with that of Cu�+ and Zn�+ as speculated 
in Section 4.4.4. Again, further investigation is needed in order to reveal the underlining 
sorption mechanisms of the selected metal ions by Ulva lactuca 
The presence of selected concentration of Cr^ ^ also did not have any effect on 
Cu2+ and Zn�+ RCs. It was also reported that Cr^ ^ would not interfere the Cu�+ 
biosorption by Pseudomonas aeruginosa even if they existed in equimolar basis (Sar et 
al., 1999). The lack ofinterference by Cr^ ^ may suggest that Ulva lactuca does not have 
the ability to adsorb C P . In fact, Cr^ ^ was likely to exist as dichromate ions (Cr2O7 "^) 
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as they were prepared from potassium dichromate (K2Cr2O7). Thus, they would not 
compete for the negatively charged binding sites with Cu�+ and Zn^^ on Ulva lactuca. In 
the case of Ni】+，Ni�+ RC was even enhanced in the presence of C P (or Cr2O7^"), no 
matter as the sole secondary ions or with the present of selected concentration of Cu!+ 
and Zn2+. 
4.5.2 Effect of Mix-anions 
2+ 2+ 2+ 
Generally, the effect of selected concentration of anions on Cu , Ni and Zn 
RCs was less pronounced than that contributed by additional cations. Again the effect of 
mix-anions could be arbitrarily classified into three categories, i.e. reduced, enhanced 
and negligible. 
2 j 2 I 
The results were basically identical in the case of Cu and Zn，i.e. negligible 
2 effect was found in the presence of selected concentration of C1" and Cr2O7 “ solely. 
2 2 2 -Moreover, selected concentration of SO4 ‘ and combination of SO4 ", Cl' and Cr2O7 “ 
reduced Cu�+ and Zn�+ RCs. In addition to the above situations, the differences in 
reduction of RCs in the later two cases were statistically identical. Therefore, the 
reduction of RCs in the presence of combination of anions was likely to be contributed 
by the SO4 "^ only. In fact, it was reported that SO4 "^ was able to desorb adsorbed Cu�+ 
from biomasses of Rhizopus arrhizus, Cladosporium resinae and Penicillium italicum 
(de Rome and Gadd, 1987). It might be a hint on how S04^" affect the biosorption of 
Cu2+ and Zn:+ by Ulva lactuca 
On the contrary, the presence of selected concentration of S 0 / ' did not have 
significant effect on Ni�+ RC while the presence of selected concentration ofCl', Cr2O7 "^ 
individually and the combination of C1", S04^" and Cr2O7 "^ even enhanced Ni�+ RC by 
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Ulva lactuca. It should be noted that the enhancement in Ni�+ RC was more significant 
in the presence of Cr2O7^' individually than the combination of all the anions studied. 
This situation may suggest that C1" and/or S04^" counteracted the enhancement of Ni�+ 
RC contributed by the presence of Cr2O72: 
The presence of additional anions was suggested to affect the biosorption of 
metal ions in various ways (Tobin et al., 1987). For example, by formation of 
complexes with metal ions that are nonadsorbable or weakly adsorable by the 
biosorbent, thus resulting in reduction of metal ions RC. Moreover, anions may interact 
with the biosorbent so as to enhance or decrease metal ions uptake potential. Anions 
may also form complexes with metal ions that are more strongly adsorbing than free 
metal ions, and resulting in enhanced metal ions uptake. In fact, these are just 
generalization of the phenomenon. A number of factors might also affect of anionic 
2 
effect on metal ions biosorption. For example, it was found that the effects of SO4 ", C1" 
and NO3^" on Zn�+ biosorption by Oscillatoria anguistissima was concentration 
dependent (Ahuja et al., 1999). And more obvious fact is that the situation would vary 
among different biosorbent. For example, it was reported that the presence of anions 
such as borate, carbonate, chloride and sulphate did not affect the Cu^^ biosorption by 
Pseudomonas putida II-11 (Wong et al., 1993). 
Besides, the enhanced RC in the cases of Ni�+ could also be due to the 
accompanied metal ions in preparation of anion, i.e. K+. According to the Pearson 
hardness scale classification of metal ions, K+, and also others like Ca�+ and Na+, were 
classified in the ‘hard，category (Pearson, 1969). These metal ions would bind more 
favourably to the ‘hard, ligands，i.e. with N or 0 donor atoms (Hughes and Poole, 1989). 
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Then, Ni，with elevated polarizing power, can displace the K and bind to those 
ligands. As a result, increased RC was observed (Sar et al” 1999). 
As the composition of real industrial effluent is often diverse and consist of 
mixture of these anions (and cations), therefore, more detailed studies would be 
worthwhile on the effect of mix-anion, so as effect of mix-cation, in order to have more 
information on how these effect affect the biosorption of metal ions. 
4.6 Recovery of adsorbed metal ions from Ulva lactuca (I): screening 
of suitable desorbing agents 
Recovery of metal ions from biosorbent is of importance mainly due to two 
considerations. First, it provides the opportunity to reuse the adsorbed metal ions, no 
matter within the same industry or elsewhere. It would be particularly important if the 
target metal ions are precious, strategically important or depleting in source (Volesky, 
1990b). Second, recovery of metal ions from the biosorbent theoretically would 
regenerate the adsorption ability of the biosorbent. This reduce the need for new supply 
of biosorbent (Volesky, 1990b). Moreover, even if the biosorbent will not be reused, 
recovery of metal ions favours the after-use-treatment, such as disposal in landfill or 
incineration, as the metal ions would not be 'remobilized' again in the environment. 
In this study, three main types of desorbing agents were screened for the 
desorption ability for Cu】+，Ni�+ and Zn�+ from Ulva lactuca. They included mineral 
acid (i.e. hydrochloric acid, sulphuric acid and nitric acid), organic acid (i.e. citric acid) 
and organic chelating agent (i.e. thiourea and EDTA). Their performance was judged 
based on the recovery efficiency (ReE). It was generally observed that Cu�+ and Ni]+ 
ReE was slightly higher than that ofZn!+. Approximately 10-15% of adsorbed Zn�+ was 
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not desorbed from Ulva lactuca in most of the desorbing agents studied. The 
unrecoverable metal ions after biosorption was suggested to be intracellularly 
accumulated (Sze, 1996). It was also suggested that structural changes of the cell wall 
induced by desorbing agents, physical shearing force during shaking and firm adhesion 
of the metal ions on the biosorbent surface would also result in lower recovery 
efficiency of adsorbed metal ions (Beveridge and Murray, 1980). 
The role of hydrogen ions (H+) might also be significant in the desorption of 
metal ions from Ulva lactuca. This result was best exemplified when comparing the 
ReEs of Cu2+，Ni2+ and Zn�+ by 0.1 M thiourea (pH 1.0) with 0.1 M thiourea (pH 3.74), 
which the performance of the former was much better. Although both were originated 
by preparation of the same amount of thiourea salts, the key difference between the two 
sets was the need of extensive pH adjustment in the case of 0.1 M thiourea (pH 1.0). In 
other words, a large amount ofH+ was added to the solution in order to reduce the pH to 
the designated value (original pH of O.lM thiourea without any pH adjustment, 
approximately = 5.5). Therefore, the relatively higher ReE obtained was likely to be 
contributed by the presence of high concentration of H+. In fact, it was suggested that 
high concentration of H+ at low pH values is responsible for the displacement of 
adsorbed metal ions by the ion exchange mechanism (Crist et al., 1992, 1994). This 
result could also be contributed by the ability of acid in dissolving certain groups of 
polysaccharides on the surface of the biosorbent and release the adsorbed metal ions 
(Chue^ aL, 1997). 
The performance of desorbing agents was also found to depend on the target 
metal ions. For example, O.lM HC1 (pH 3.74) was found to be effective in desorbing 
Ni2+ from Ulva lactuca (ReE = 95.94%). However, Cu�+ and Zn�+ ReEs were only 
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76.47 and 82.74% respectively. This result was probably due to the relatively lower 
Ni2+ RC of Ulva lactuca than the other two metal ions. Therefore, the net amount of 
NP+ needed to be desorbed was less than that in the case of Cu�+ and Zn�+. Hence, a 
relatively weaker desorbing agent was still able to perform well in the case of Ni�+. 
Besides, as suggested in Section 4.4.4, the mechanisms and functional groups involved 
might be different when comparing Ni?+ with that of Cu�+ and Zn�+. Thus, it might be 
said that the strength of mechanisms and functional groups involved for Ni]+ adsorption 
was relatively weaker, though, again this was hypothetical. However, no matter what 
the underlining reasons are, selective desorption of adsorbed metal ions from biosorbent 
would be an advantage. It might be the cue for sequential recovery of adsorbed metal 
ions from the biosorbent. As a result of such phenomenon, elutriate of single metal ions, 
instead of a mixture of different metal ions that were adsorbed, might be obtainable. 
This is beneficial when the metal ions were considered for reuse. Once again, extensive 
study is needed in order to reveal the real situation applicability on this aspect. 
4.7 Recovery of adsorbed metal ions from Ulva lactuca (II): multiple 
adsorption-desorption cycles of selected metal ions 
Based on the results of Section 3.6, 0.1 M H2SO4 (pH 1.0) and 0.1 M thiourea 
(pH 1.0) were found to be effective in desorbing the three selected metal ions studied 
from Ulva lactuca. However, thiourea was not chosen for further study in this section 
due to the need of extensive pH adjustment, which implied the potential of increment in 
operational cost for industrial scale application. Therefore, only H2SO4 was chosen for 
further study. 
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The most important finding in this part of the study was that the selected metal 
ions RCs of Ulva lactuca significantly reduced after the first adsorption-desorption 
cycle. Similar reduction in metal ion RC was reported in multiple adsorption-desorption 
of Cd2+ by Sargassum baccularia (Chu et al., 1997) and Cu�+ by Pseudomonas putida 
(Sze, 1996). In fact, it was reported that mineral acids could inflict cell damage (Tsezos, 
1984). The possible mechanism was due to the destruction or morphological alternation 
of the binding sites on the biosorbent surface (Chu et aL, 1997). As a result, the RCs in 
the successive adsorption-desorption cycles were lower than the first one. Apart from 
mineral acids, chelating agents were also reported to have damage effect on biosorbent. 
For example, EDTA was suggested to alter the configuration of the binding sites 
followed by its extraction of metal ions (Chu et al., 1997). 
When comparing the ReE of Cu】+，Ni�+ and Zn�+ of Ulva lactuca in the three 
adsorption-desorption cycles, it was found that the ReE remained in a constant level. 
Therefore, the desorption of metal ions from Ulva lactuca would not be hindered after 
the exposure to H2SO4. The reduction in the metal ions ReCs in the second and third 
adsorption-desorption cycle was mainly due to the reduction of RCs in the 
corresponding adsorption cycles. 
The findings suggest the feasibility of reuse of the biosorbent. Since Ulva 
lactuca could be obtain in large quantity from the environment, the supply would be 
very unlikely to be depleted. In addition, since the metal ions RCs were found to be 
reduced after the first desorption process, the treatment efficiency will thus be affected if 
Ulva lactuca is used in industrial application, which in turn will affect the operational 
cost. However, since the metal ions RCs tended to remain in a constant level starting 
from the second adsorption-desorption cycles, in other words, metal ions RCs would not 
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fluctuate drastically in the successive adsorption-desorption cycles. If slight reduction in 
metal ions RCs is tolerable, reuse of biosorbent is feasible. In short, the trade off 
between the cost for regeneration of the biosorbent and the cost of using new biosorbent 
upon each application is needed in order to reveal which would be more cost effective in 
application aspect. Nevertheless, as discussed in Section 4.6, the desorption of loaded 
metal ions seems unlikely to be avoided. 
4.8 Removal and recovery of selected metal ions from electroplating 
effluent by Ulva lactuca 
The composition of effluent from a local electroplating factory was 
characterized. It was found that the effluent was a mixture of various metal ions and 
anions. The pH was relatively acidic in nature. In fact, the composition ofthe effluent 
may vary significantly according to the working schedule of the factory and may also 
depend on the type of electroplating that was practiced by individual factory. Apart 
from the composition determined, typical electroplating effluent would also contain 
components such as cyanide (CN_), solvents (e.g. 1,1,1-trichloroethance, TCA), 
surfactants and organic cleansers (Industry Department, 1995). 
It was found that the Cu^+, Ni^ + and Zn^^ RCs of Ulva lactuca in the 
electroplating effluent was significantly lower than that of artificial wastewater. The 
basic difference between the two was the absence of anions and other possible 
components, if any, in the artificial wastewater. Therefore, the significant reduction in 
metal ions RCs in the industrial wastewater was likely contributed by these extra 
components. Although it was found that selected concentration of C1" had negligible 
effect on Cu�+ and Zn�+ RCs while for Ni�+ RC was even enhanced (Section 3.5.2). 
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However, since the concentration of the selected metal ions in the wastewater were 
much lower than that Section 3.5.2, (i.e. 100 mg/L). Therefore, the effect of C1' could 
not be ruled out. Similar reason would also be applied to SO4 '^. In fact the 
concentration of SO4 '^ was much higher in the industrial wastewater than that in Section 
3.5.2. Hence, the effect of S 0 / " would be much pronounced in the case of industrial 
wastewater study. Moreover, the potential components might also have negative effects 
on metal ions RCs. For example, sodium oleate, which is a surfactant containing a 
carboxyl group, was reported to cause reduction of Cu]+ RC of Potamogeton lucens 
(Schneider et al., 1999). Besides, the reduction of metal ions ReC after desorption 
should be due to the reduction in metal ions RCs in the corresponding metal ions during 
the adsorption process. As no significant difference between the metal ions RCs and 
ReCs was found, therefore, the presence of anions and other potential component would 
not affect the recovery of metal ions from Ulva lactuca. 
Based on this study, the removal of metal ions from the heterogeneous 
electroplating industrial effluent would be more difficult and complicated than in the 
case of using metal ions solution prepared from high purity chemicals. In order to 
elevate the metal ions RCs during industrial scale application, alternation of the 
conditions for the biosorption process might be helpful. Therefore, more application 
studies using industrial effluent would be needed. Certain pretreatments on the effluent, 
for example, removal of the hostile component that would negatively affect the 
performance of the biosorbent, might also be needed so that the influence of these 
components on the biosorption process could be minimized. 
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5. Conclusion 
Based on the results obtained from this study, all three Ulva species showed 
potentials in metal ions (Cu】+，Ni]+ and Zri^) biosorption ability in aqueous solution. 
Among them, Ulva lactuca, collected from A Ma Wan, Ping Chau Island, Hong Kong, 
was the best biosorbent towards the selected metal ions. The relative biosorption 
affinities by Ulva lactuca are of Cu�+ > Zn�+ > Ni�+ under the same physico-chemical 
conditions. 
Like many other metal ion biosorbents, biosorption by Ulva lactuca towards the 
selected metal ions was found to be dependent on a number of physico-chemical 
parameters. These parameters included the biomass weight, pH of the solution, 
incubation time, metal ions concentration and the presence of additional cations/anions. 
Generally, biomass weight was negatively correlated with the metal ions removal 
capacities (RCs) while positively correlated with the metal ions removal efficiencies 
(REs). In other words, increase of biomass weight would reduce the metal ions RCs 
while enhance the metal ions REs. The effect of pH seemed to be one of the most 
determining factors that governed biosorption ability of Ulva lactuca. The metal ions 
biosorption by Ulva lactuca was favoured in solution with medium acidic to slightly 
alkaline pH, depend on the metal ions. Beyond this pH range, the biosorption of 
selected metal ions was hindered. The kinetics of metal ions biosorption by selected 
biomass was found to be in a rapid profile. The selected metal ions REs could reach the 
maximum and equilibrated within five minutes. The metal ions RCs were also found to 
be dependent on metal ions concentration. It increased rapidly in the lower extremities 
and leveled off in the higher end of metal ions concentration. Study of adsorption 
isotherms found that the biosorption of Cu�+ and Zn�+ by Ulva lactuca was relatively 
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better described in the Langmuir adsorption isotherm than Freundlich adsorption 
isotherm, though the difference was not pronounced. On the contrary, the biosorption 
^ 1 
of Ni by the same biomass did not fit well in either isotherm. Therefore, the 
biosorption of Cu�+ and Zn�+ could be characterized as a monolayer biosorption while 
the mechanisms of Ni�+ biosorption needed further study to resolve. The presence of 
additional cations/anions was also found to have different degrees of impact on the 
biosorption process. The effect on metal ions RCs could be classified into three 
categories, i.e. enhanced, negligible and reduced, and was found to be dependent on the 
combination of primary metal ions and secondary additional cations/anions. 
Recovery of metal ions and regeneration of Ulva lactuca after metal ions 
biosorption were also studied. The recovery efficiency (ReE) of desorbing agents varied 
among the selected metal ions. Sulphuric acid (H2SO4, 0.1 M, pH 1.0) was found to be 
efficient in desorbing all the three metal ions studied. Study of multiple adsorption-
desorption cycles of metal ions revealed that metal ions RCs reduced significantly after 
the first desorption cycles, though the ReE stayed in a constant level throughout the 
three adsorption-desorption processes. 
When Ulva lactuca was used in a batch-mode laboratory-scale treatment of 
electroplating effluent, it was found that metal ions RCs reduced significantly when 
comparing with that of artificial wastewater. The reduction in metal ions RCs was 
probably contributed by the complicated, heterogeneous contents ofthe effluent. 
To conclude, Ulva lactuca was found to be a potent biosorbent for metal ions, 
though the real situation application might be hindered due to the heterogeneity and 
variation in the composition of the industrial effluent. However, since the conditions 
used in this study were only sub-optimal for ease of comparison, further study can 
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optimize the selected metal ions RCs individually, by adjusting the operation conditions 
in accordance to the optimal condition of the individual metal ions. 
130 
6. Summary 
6.1 Increase in biomass weight resulted in general reduction of removal capacities 
(RCs) and enhancement in removal efficiencies (REs) for the selected metal ions 
studied. 
6.2 The order of Cu�+，Ni�+ and Zn�+ adsorption affinity by the three green seaweed 
species studied was in the order of Ulva lactuca > Ulva sp. 3 > Ulva sp. 1. As a 
result, Ulva lactuca was chosen for further studies. 
6.3 In the range studied, the optimal combination of biomass weight and initial pH 
(pHi) was found varied among the three metal ions studied. In order to have a 
common background for comparison of the biosorption, a set of sub-optimal 
conditions (biomass weight/ metal ions solution volume: 40 mg biomass / 50 mL 
metal ions solution, initial pH of metal ions solution: pH 5.0) employed as 
standardized condition for further study. 
6.4 The biosorption of selected metal ions by Ulva lactuca demonstrated a rapid 
kinetics. Metal ions REs reached the maximal and equilibrated within 5 minutes. 
6.5 The metal ions RCs were found to be dependent on metal ions concentration. 
Generally, the RCs increased rapidly in the lower extremities of initial 
concentration and leveled off when the concentration increased. 
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6.6 The biosorption of Cu�+ and Zn�+ by Ulva lactuca can be well described by both 
Langmuir and Freundlich adsorption isotherms, with slightly better regression 
coefficient for the former one. The biosorption of Ni�+ by Ulva lactuca was 
failed to describe by both the adsorption isotherms. 
6.7 The relative binding affinity of the selected metal ions by Ulva lactuca was in 
the order of Cu:+ > Zn]+ > Ni!+. 
6.8 The effect ofmix-cations and mix-anions on Cu�+, Ni!+ 肌廿 Zn^^ RCs varied and 
was dependent on the combination of primary metal ions and secondary 
cations/anions. The effect can be generally classified into three categories, i.e. 
reduced, negligible and enhanced. 
6.9 The recovery efficiency (ReE) ofthe desorbing agents studied was found to vary 
among the three metal ions studied. Among all, sulphuric acid (H2SO4, 0.1 M, 
pH 1.0) was found to efficient in desorption of all the three metal ions studied 
from Ulva lactuca and therefore employed in study of multiple adsorption-
desorption of metal ions. 
6.10 A drastic reduction of Cu】+，Ni�+ and Zn�+ RCs was found after the first 
adsorption-desorption cycles due to the desorption process by H2SO4. However, 
the corresponding ReE of among the three adsorption-desorption cycles studied 
remain at a constant level. 
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6.11 Significant reduction in metal ions RCs was found when Ulva lactuca was used 
in a batch-mode laboratory-scaled treatment of electroplating industrial effluent 
when comparing with the control. The reduction was likely to be contributed by 
the presence of other anions and undetermined components, which were used as 
additive in electroplating process in the effluent. 
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8. Appendixes 
Table 8-1. Characteristics of the three Ulva species. 
Characteristics Ulva sp. 1 Uha sp. 2 Uha sp. 3 
{Ulva lactuca) 
Collection site Marine Science A Ma Wan, Ping Chau Butterfly Bay, Tuen 
Laboratory, CUHK Island Mun 
Collection date March 99 March 99 March 99 
Morphology - green to dark green - pale green in colour - dark green in colour 
in colour - thallus extends from - thallus extends from a 
- s h e e t - l i k e a tiny discoid tiny discoid holdfast 
- w r i n k l e thallus holdfast - smooth thallus 
surface - smooth thallus surface 
- i r r e g u l a r thallus surface - elongated thallus with 
boundary - elongated thallus boundary relatively 
with boundary wavy straight when 
- t h a l l u s length is compared with that of 
approximately 50 cm Ulva lactuca 
from base to tip - thallus narrower than 
that of Ulva lactuca 
- t h a l l u s length is 
shorter and 
approximately 40 cm 
from base to tip 
Cell shape - irregular - square to rectangular - smooth and round 
with round corner 
- c e l l s packed more 
closely than Ulva sp. 
1 and Ulva sp. 3 
Cell size' . 1 5 - 1 6 x l l - 1 2 n m ^ - 21 x 16nm(t ip) - 1 4 x l O ^ m ( t i p ) 
- 1 8 x l 4 ^ m i ( m i d d l e ) - 13 x 11 nm(middle) 
- 1 6 x 1 4 i^m (base) - 13 x 11 (base) 
Location of - not observed - on side of the cell - single large 
chloroplast - occupy about 1/10 of chloroplast, take up 
the cell surface almost the entire area 
of the cell surface 
a. Measurement of cell size based on average of 30 cells from each sample. 
b. The sample of Ulva sp. 1 cannot be distinguished as tip, middle and base. 
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Table 8-2. Metal ions content of seaweed biomass 
Metal ions content (mg metal ions/g biomass/ 
Metal ions .,； i Ulva sp. 2 . . . ^ „ . Sargassum 
U l ^ sp. 1 (胁以 lactuca) —a sp. 3 siliquastrum 
As2+ K D ^ i m i m 0 .05 i0 .00~" 
Ba2+ 0.01±0.00 Trace' 0.01士0.00 0.07土0.00 
B3+ 0.08士0.00 0.06i0.00 0.04士0.00 0.11士0.00 
Ca2+ 13.51i0.25 7.66±0.71 10.77±0.03 35.68±0.67 
Cd2+ N.D. N.D. N.D. N.D. 
Cr3+/Cr6+ N.D. N.D. N.D. N.D. 
Co2+ N.D. N.D. N.D. N�D. 
Cu2+ N.D. N.D. 0.04i0.00 N.D. 
Fe2+/Fe3+ 0 . 2 4士0 . 0 1 0 . 3 3士0 . 0 0 2 , 5 3 ± 0 . 0 5 0.35±0,00 
Pb2+ N.D. N.D. N.D. N.D. 
Mg2+ 0.51士0.00 0.51士0.00 0.50士0.00 0.51士0.00 
Mn2+ 0.46i0.01 0.02士0.00 0.09士0.00 0.12±0.00 
Na+ 1.66士0.00 2.47士0.00 1.09土0.00 1.66士0.05 
Ni2+ 0.0U0.00 N.D. 0.01士0.00 N.D. 
Zn2+ 0.16士0.00 0.06士0.00 0.06士0.00 0.06士0.01 
a. Data represent meanistandard deviations from duplicates 
b. N.D. = not detectable 
C. Trace denotes the content of the metal ions < 0.01 mg/g 
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Table 8-3. Moisture content ofthe powdered seaweed sample after drying 
Seaweed species Moisture content (%)* 
_ ^ ^ _ _ ^ ^ ^ _ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ , ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ i ^ ^ ^ - i i ^ ^ ^ - ^ ^ ^ - -
Ulva sp. 1 11.6i0.4^ 
Ulva sp. 2 {Ulva lactuca) 11.8±0.2a 
Ulva sp. 3 10.2i0.4' 
Sargassum siliquastrum 10.3+0.6^ 
* Data represent means 士 standard deviations from triplicates 
•* Means represent by the same letter are statistically identical (p<0.05) 
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